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CORRECTIONS AND EMENDATIONS 


Contributors to Volume 49 have been invited to send corrections and emendations 
to be made in their paper, and the volume has been scanned with some care. Correc- 
tions and insertions are as follows: 


Page 842, line 36, for westwood, read westward. 

“ 842, legend under Figure 4, insert formation after Eagle Creek. 

“877, line 37, for folder, read folded. 

“ 908, line 20, for Bretz, read Bretz’. 

“ 928, line 43, for Quinsy, read Quincy. 

“ 929, line 31, for X, read Ex. 

“ 1007, line 2, for illustrates, read illustrated (PI. 3, fig. 1) is. 

“ 1056, line 2, delete as much. 
Pages 1067-1168, throughout the paper, for Girvinella, read Girvanella. 
Page 1299, line 4, for 1933, read 1932. 

“ 1312, Figure 3, add Scale: width of map 360 meters. 

“ 1333, last reference, for de, read der. 

“ 1345, Figure 2. The direction of flow is away from the reader. 

“1461, caption of Plate 6, Figure 2, for or, read of. 

“ 1544, Plate 1, structure section D-D’, interchange T and A. 

“ 1555, title should read Change in porosity. 

“1558, line 27, insert change after porosity. 

“1559, line 1, insert change after porosity. 

“1562, line 23, for nine-tenths, read one-tenth. 

“ 1587, bottom line, for (Fig. 6), read (PI. 5, fig. 1). 

“ 1587, line 7 from bottom, after word space, insert (Fig. 6). 

“ 1592, line 13, for is a, read this. 

“ 1592, line 13, insert is between long and underlain. 

“ 1620, E and I over modes refer to eye-piece micrometer and Leitz integrator 

respectively as instruments used in the counting. 

“ 1636, line 13, for fracture, read fractures. 

Pages 1695-1722. In connection with the subject of differential erosion briefly dis- 
cussed in this paper, the reader will find a much fuller presentation 
with many specific examples in a recent paper by George H. Ashley, 
entitled Studies in Appalachian Mountain sculpture, Geol. Soc. Am., 
Bull., vol. 46 (1935) p. 1395-1436. 

Page 1865, line 17, after rocks, read along great fracture zones paralleling the range 

trend and its overthrusts and folds. 

“ 1869, line 6 (Boos), insert identifying after in. 

“1885, line 3 (Hess), for country, read century. 

“ 1888, line 10 (Imlay), insert aff. after Exogyra. 

“ 1904, line 12 (Twenhofel and Broughton), for 2, read 3. 

“ 1904, line 14, for 2, read 3. 

“ 1917, line 3, delete sentence beginning Stirton believes. Next sentence, for 
this, read the. 

“1945, add footnote to Bevan and Furcron abstract: Pre-Cambrian geology by 
junior author and Paleozoic geology and geomorphology by senior 
author. 
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1952, line 14 (La Paz), for place, read places. 

1952, line 15 (La Paz), for constitutes, read constitute. 

1956, line 20 (Nelson), for post-Cretaceous, read pre-Cretaceous. 

1956, line 8 (Nininger), insert generally before circular. 

1963, line 9 (Taber), insert more than before fifty; insert on divides after feet. 
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ARTIFACTS ASSOCIATED WITH FOSSIL ELEPHANT 
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ABSTRACT 


In December 1934, Judge J. A. Mead discovered a spear in association with an 
elephant skeleton near Miami in Roberts County, Texas. During 1937 this locality 
was excavated. The elephant bones were found in an old, now completely filled, 
sink which had been a water-hole. The lower part of the fill in the sink contained 
no recognizable fossils, but at a level 1 or 1% feet below the present surface was a 
bone layer extending entirely across the sink. Above this level, no additional bones 
were found. No bones other than elephant were present. The conditions of occur- 
rence indicate that several elephants are present, ranging in age from very young 
to mature. 

In the bone bed were found one scraper and three spears. One of the spears lay 
about 3 inches from, and at the same level as, the first cervical vertebra of an 
elephant. Another spear and the scraper were near elephant bones. The artifacts 
are of the Folsom or Folsom-like culture type. Whether the elephants were trapped 
or bogged at this water-hole or suffered from drought or illness is unknown. The 
sink in which the fossils are found is much older than the modern sinks of this 
region, as shown by the fact that it had become completely filled. The age of the 
deposits is not fully determined. It is, however, evident that important faunal 
and topographic changes have occurred since the artifacts and elephant remains were 
included in this deposit. 
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INTRODUCTION 


The association of artifacts with fossil elephant bones, described in this 
paper, occurs in Roberts County in the Panhandle region of Texas, ap- 
proximately 75 miles northeast of Amarillo. This is in the wheat belt of 
Texas, and, previous to excavating, this locality presented no obvious 
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Ficure 1—Index map of Texas 
Roberts County indicated by shading, and the fossil locality by a cross. 


features distinguishing it from any other spot in the level lands of the 
wheat fields. However, excavation revealed parts of skeletons of several 
elephants. In close association with these elephant bones were artifacts, 
including three spears and one scraper. 

The discovery of fossils at this locality came about as follows: In 1933, 
Charles Puckett found some bone fragments while ploughing on the 
Cowan ranch, 9 miles northwest of Miami. Mr. Puckett reported this 
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discovery to Judge J. A. Mead, of Miami, who has long been interested 
in vertebrate fossils. In December 1934, Judge Mead and others ex- 
cavating at the locality obtained four elephant teeth, two leg bones, and 
several ribs. With these elephant bones, lying close to the ribs and about 
20 inches from two of the elephant teeth, was a spear. The discovery of 
the spear was reported to Science Service by Floyd Studer, and a brief 
statement of the discovery appeared in Science News Letter, February 9, 
1935. 

In September 1937, excavation at this locality was renewed under a 
project financed by the Works Progress Administration and by Roberts 
County, directed by the Bureau of Economic Geology of The University 
of Texas. Glen Evans was supervisor of the project. After the funds 
allotted for this purpose by the Works Progress Administration had been 
exhausted, excavations at the locality were completed by The University 
of Texas. Permission to excavate was generously given by the owner 
of the land, C. R. Cowan. In accordance with Mr. Cowan’s wishes, after 
the fossils had been removed the pit was refilled. 


TOPOGRAPHIC FEATURES 


Detail of topography at the locality is given in the accompanying sketch 
map (Fig. 2) and in the airplane view (Pl. 2). The level land seen in the 
view from the air is a remnant of the High Plains and lies on the divide 
between Canadian River and Red Deer Creek. The streams flowing north 
reach Canadian River; those flowing south are tributaries of Red Deer 
Creek. The fossil locality, indicated on the sketch map by a cross, lies 
near the south margin of this level land. The two lines on the air view, 
extended to intersection, mark the fossil locality. A tributary of Red 
Deer Creek, as may be seen on these maps, has cut headward to a point 
within approximately 200 feet of this locality. Elevations given on the 
topographic map are from an assumed datum. The actual elevation, sea- 
level datum, at the fossil locality is about 3085 feet. 

Erosion at this locality and generally on this level upland is by wind 
and by sheet wash following occasional heavy rains. Attention is called 
to these conditions because it is believed that erosion has proceeded slowly 
on the level lands of this divide. On the other hand, erosion is rapid 
away from the divide, in that part of the county which is cut by streams. 


OCCURRENCE OF FOSSILS 


The fossils at this locality are preserved in an ancient water-hole, which 
is, in fact, a filled sink—a fossil sink, if one may use that term, for it 
had become so completely filled as to disappear totally as a topographic 
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feature. The original depth of the sink below the present surface was 
about 9 feet. The first fill that came into the sink was fine silt colored 
by organic matter; it has the appearance of a dark sandy clay. This 
kind of fill accumulated to a thickness of 7 or 74% feet in the deepest 
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Ficure 2.—Topographic map of region adjacent to fossil locality 
Elevations from assumed datum. Assumed elevation, 100 equals elevation, sea-level datum, 3085.59 feet. 


part of the sink, with lesser thickness at the margins. Some fragments 
of bone are found through this material but there are no well-preserved 
fossils. 

The silt is overlain by a loess stratum about 6 inches thiek. This 
deposit does not extend to the margins of the sink but extends closer 
to the margins on the north and east sides than on the south and west 
and lies at a slightly higher elevation at the north than at the south 
side of the sink. The loess contains some fragments of bones, but none 
is identifiable. Above the loess the fill consists of silt similar to that 
below. 
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Within this uppermost unit, beginning a few inches above the loess 
stratum, is a bone bed as indicated in the section (Fig. 3). Over most of 
the sink the bottom of the bone bed is a few inches above the loess 
stratum. However, as will be seen in the north-south section, at the 
north end of the sink the bone bed rests upon the loess stratum. At the 
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Ficure 3.—East-west section through sink 


north and east the bone bed, like the loess stratum, lies at a slightly higher 
elevation than at the south and west. The contents of this bone bed will 


be described later. 
A mechanical analysis of samples from these several strata has been 


made by V. E. Barnes. These analyses are presented in graphic form 


(Fig. 4). 
Barnes’ summary of the results of the mechanical analysis is as 


follows: 


“The dark clays above and beneath the loess appear to be largely of the same 
material as the loess except for the addition of organic matter and some coarser 
grain sizes. They do not vary greatly from the loess in mineral composition. The 
clay material in the dark clays is apparently closely associated with much organic 
matter, while the loess is almost free of organic matter. If these clays are considered 
as accumulating during cycles of greater moisture it is conceivable that the sink 
was a water hole in which or around which plants grew and to which animals came 
to drink and on damp days carried on their feet mud containing sand which became 
incorporated with the finer silts. The dark clay contains a very small percentage 
of frosted sand grains. The material termed loess is undoubtedly wind deposited 
material. It has the characteristics of loess including small grain size, numerous 
vertical tubelets, and the presence of fresh minerals, such as hornblende. The fill 
in the sink differs distinctly from the underlying red sandy clay, which has con- 
siderably larger grains and different mineral composition. The abundance of garnets 
in the red clay and the rarity and difference in form of the garnets found in the fill 
in the sink precludes this fill from being derived from the red clay.” 


From these analyses it is seen that the fill in the sink above and below 
the loess stratum differs from the loess chiefly in that it is darkened by 
organic matter and contains some aggregate consisting largely of bone 
fragments. The origin is probably the same as the loess—that is, fine 
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material carried by the wind, to which has been added organic matter 
and sufficient clay, washed in or carried in by animals, to introduce a 
small percentage of coarser mineral grains. 

The loess of this stratum has been compared in mechanical analysis 
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Ficure 4—Graphic representation of mechanical analysis of sediments 
(I) Bone-bearing stratum; (II) loess stratum; (III) lowermost stratum marked “blue sandy clay” 
in Figure 3. 

with some of that of the Mississippi Valley. Samples for this compara- 
tive study were kindly sent from St. Clair and Rock Island counties, 
Illinois, by M. M. Leighton. With respect to fineness of grain the Texas 
sample has 98 per cent, the St. Clair County sample 91 per cent, and the 
Rock Island County sample 60 per cent passing the 200-mesh screen. 
There are some differences in mineralogic composition. The Illinois loess 
has more garnet, hornblende, and mica, and less zircon, rutile, and tour- 
maline than the Texas samples. 

In Figure 5 is given a north-south section passing somewhat east of 
the center of the sink. As this section is similar to the east-west section, 
detailed description is not necessary. Near the north side of the sink 
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the bone bed rests on the loess. It is to be noted also that, as previously 
stated, the loess and bone bed are at a higher elevation at the north than 
at the south side of the sink, the bone bed here coming almost to surface 
exposure. 

Ground plan of the sink is shown in Figure 6. The contour lines on 
the bedrock show the maximum depression—about 9 feet—to be some- 
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Ficure 5—North-south section through sink 


what west of the center of the sink. A-A’ and B-B’ (Fig. 6) indicate the 
location of the east-west and north-south sections. The area covered by 
the loess deposit is indicated by the inner dash and dot line. 

This ground plan shows, likewise, the location of the principal bones 
found in the bone bed. Not all bones originally contained in the bone 
bed are shown in the figure. Poorly preserved and less important bones 
and bone fragments have been omitted. All identifiable remains recov- 
ered from the sink are elephant bones. This is unusual, for one would 
expect in such a pond a mixture of animal remains, including small 
rodents, coyotes, and especially bison, deer, and antelope, which must 
have been present in this region. In contrast, there is a profusion of 
elephant bones, tusks, and teeth. The skeletons scattered in the bone 
bed are incomplete, and the number of individuals present must be deter- 
mined chiefly by duplication of parts and by relative size and age. Three 
right femora of approximately mature elephants have been obtained, thus 
indicating at least three mature or nearly mature individuals. To one 
of these elephants belongs a considerable number of bones found in the 
southeastern part of the sink. These bones, as indicated by numbers on 
the map, are tusk, tip and base (9 and 11); two well-worn teeth (9a) ; 
parts of the skull (10); bones of the left foreleg, the ulna and radius 
(7 and 8); right ulna (6); vertebrae and ribs (14); a right femur, pre- 
viously mentioned (12); a right tibia and some foot bones (22). As indi- 
cated by size, this individual was essentially mature but was not old, the 
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caps having not yet firmly fused to the limb bones. What particular 
bones or teeth go with the other two right femora is undetermined. A 
young elephant is represented by lower jaws found in the north part of 
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Ficure 6—Ground plan of sink 


Boundary of loess stratum indicated by dash and dot line. (A-A’) Location of west-east section of 
Figure 3; (B-B’) location of south-north section of Figure 5. 


the sink (28). Nearby is an elephant a few years old, also represented 
by lower jaws and parts of skull (29). 


It is thus possible to recognize 
the presence of at least five elephants, and there may have been more. 


A determination of the species represented awaits further study. E. H. 
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Colbert, of the American Museum of Natural History, is of the opinion 
that the tooth illustrates a right second upper molar referable to Parele- 
phas columbi (Falconer). The collection from this locality contains also 
right and left upper third molars, probably of the same species. 


ARTIFACTS 


The artifacts found in the bone bed are a scraper (5) and spears 
(18, 31, 45, and 46). The location of these artifacts is indicated in Fig- 
ure 6. The association of the artifacts with the elephant bones is unmis- 
takable; they lie definitely in the bone bed and on a level with the 
elephant bones (Pl. 1). The artifacts lie horizontal, as do the bones. 
Calcium carbonate coats parts of the underside of the artifacts, and 
a similar incrustation is found on the underside of many of the bones. 
The artifacts are of the Folsom or Folsom-like culture type (Pl. 1; 
Pl. 3, figs. 2 and 3). 

The scraper (5) was found in the bone bed and near the left humerus 
of an elephant (1). It is 70 mm. long, 29 mm. wide, and is made from 
banded chert. The view seen in the photograph is of the side that was 
up as the scraper lay in the ground. On the underside is an incrusta- 
tion of calcium carbonate. The spear (46) was in the bone bed, near 
pieces of elephant ribs. This spear is 76 mm. long, 25 mm. wide at 
the widest part, and about 7 mm. thick. It is sharp edged except near 
the base, where the margins are smoothed. The spear is grooved on 
both sides. On one side the grooving extends 30 mm., and on the other 
51 mm., from the base. It is made from a mottled pink chert. The 
underside of the spear, as it lay in the ground, is seen in the photo- 
graph. The white spots are incrustations of calcium carbonate. The 
spear (45), taken by Judge Mead, is described by him as having been 
among elephant ribs. This spear is 116 mm. long, 30 mm. wide, and 
about 9 mm. thick. It is lightly but not deeply grooved at the base. 
On the ground plan (Fig. 6), it is possible to give only an approxi- 
mate location of this spear and associated elephant ribs, because it 
was removed before systematic excavation had been made. 

The spear (13) shown in the ground plan lies within 24% inches of an 
atlas vertebra of an elephant (14). On Plate 1 the spear and vertebra 
are seen in natural position as removed in a single block, except that 
the base of the spear has been added. This base (31) was found de- 
tached from the shaft, as indicated in the ground plan. The spear, 
including the broken base but excluding the extreme tip, which is want- 
ing, is 113 mm. long and 30 mm. wide. It is made from slightly mottled 
light chert or flint. The base is slightly grooved. 
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AGE OF DEPOSITS 


The age of these deposits is undetermined. However, the topographic 
conditions indicate a relatively great age for this sink as compared to 
other sinks of this region. The sink containing the fossils was so com- 
pletely obliterated that it does not show as a depression on the ground 
and cannot be seen from the air (Pl. 2). The many sinks on the High 
Plains are obviously of different ages and contain varying amounts of 
fill. Most of them form appreciable depressions. Elephant remains 
were obtained from one of these partially filled sinks on the Meador 
ranch in Roberts County, about 61 miles west of Miami. The loca- 
tion of one partly filled sink is shown on the sketch map (Fig. 2, S). 
This sink, which is about 1200 feet northeast of the fossil locality, may 
be seen also in the air view of the region (Pl. 2), where it appears 
on the photograph as a dark spot. 

Among the many sinks of the High Plains, the one on the Cowan ranch, 
which contained the artifacts in association with the fossil elephants, is 
relatively old. It would not be surprising if it should prove to be pre- 
Wisconsin in age. However, an exact determination of the age of these 
fossils must await correlation data not now available. 


INTERPRETATION OF OBSERVATIONS 

How parts of five or more elephants were preserved at a common level 
in this sink is difficult to determine. There is no indication that the ele- 
phants were trapped. The locality does not have the proportions or ap- 
pearance of a pit, and if there was a stockade around the sink, all trace 
of it has disappeared. The animals do not seem to have been bogged, be- 
cause none of the leg bones is found in vertical position. On the contrary, 
all were lying horizontal. If the animals bogged, they were pulled out 
of the mud to be skinned. If overtaken by a storm, it would seem that 
the elephants would have taken refuge in canyons—if canyons then existed 
on the plains—rather than in a sink of this kind. Drought might very 
possibly bring elephants in numbers to a water-hole, but if extreme drought 
caused the elephants to die at a vanishing water-hole, one would expect 
some of the other animals, particularly bison, deer, and antelope, to be 
associated with them. Epidemic disease would likewise bring elephants 
to a water-hole and might possibly affect only one genus or one species 
of a fauna. Although the evidence in this connection is meager, the most 
probable explanation of this unusual occurrence of a group of elephants 
in a water-hole, with associated artifacts, seems to be that disease, starva- 
tion, or drought may have caused the death of some of the elephants and 
that others, enfeebled by disease or otherwise, may have been killed by 
early man; in any case, early man sought these animals, utilizing their 
hides or possibly both hides and flesh. 
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AIR VIEW OF REGION ADJACENT TO FOSSIL LOCALITY 
Taken previous to excavating. The two lines on the map, if prolonged, would intersect at the fossil 
locality. Scale, 1 inch equals 2000 feet. Courtesy United States Department of Agriculture, Soil Con- 
servation Service. 
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Natural Size 
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CONCLUSIONS 


From these observations, two conclusions follow: (1) The sink in which 
these fossils and artifacts were found, which has become completely filled, 
is appreciably older than the more modern sinks of the same region, which 
are no more than partly filled and are marked by a surface depression; 
and (2) the locality definitely shows that man was present in this region 
contemporaneously with this species of elephant and that important faunal 
and topographic changes have occurred since the artifacts and elephant 
remains were included in the accumulating deposits of this sink. 


Tue UNiversity or Texas, Austin, Texas. 
MANUSCRIPT RECEIVED BY THE SECRETARY OF THE Sociery, JaNuary 20, 1938. 


Reap BerorE THE GeoLocicaL Sociery, Decemper 28, 1937. 
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ABSTRACT 


The Franconia quadrangle of New Hampshire supplements the geology of the 
Littleton and Moosilauke quadrangles in such a way that a very representative pic- 
ture of the geology of western and central New Hampshire may be obtained by a 
knowledge of these three quadrangles. 

Three groups of rocks occupy the Franconia quadrangle. The oldest group con- 
tains highly deformed metamorphic rocks of Ordovician (?) and Devonian age. 
The second group consists of plutonic rocks of the New Hampshire magma series. 
This is a subalkaline series, in part syntectonic, and is probably late Devonian. The 
chief dark mineral is biotite, and the rocks are more or less foliated. The third 
group is the White Mountain magma series, which is alkaline and probably Missis- 
sippian. Such minerals as hedenbergite, fayalite, hastingsite, fluorite, and allanite 
are characteristic, and biotite is subordinate. The rocks of this group are massive. 

The structure reflects the genetic differences of the three groups. The metamorphic 
rocks are thrown into closed, isoclinal folds which trend northeasterly. The New 
Hampshire magma series occurs as great sheets and lenses, which have forcefully 
injected the older metamorphic rocks. The White Mountain magma series is 
represented by both extrusive and intrusive members, the latter occurring in ring- 
dikes and stocks. The space occupied by the ring-dikes was attained by piece-meal 
stoping along essentially vertical arcuate fracture zones. 


INTRODUCTION 


The Franconia quadrangle, covering 220 square miles, is located near 
the central part of New Hampshire and is in the northwestern part of the 
White Mountains (Fig. 1). Compared with New England in general, it 
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is an area of high relief, many of the summits rising 3,000 or 3,500 feet 
above the adjacent lowlands; the highest summit, Mt. Lafayette, has an 
altitude of 5,249 feet. Many parts are difficult of access, and can be 
reached only by long hikes over mountain trails. 

The area is of particular interest to the petrologist, for most of the 
quadrangle is occupied by plutonic rocks belonging to the two most exten- 
sive magma series in New Hampshire. The New Hampshire magma 
_ series, which is subalkaline and probably late Devonian, dominates the 

western and northwestern parts of the quadrangle. The White Mountain 
magma series, which is alkaline and probably Mississippian, occupies the 
eastern half of the quadrangle. A rare opportunity is thus offered for 
comparing and contrasting the two magma series. 


FIELD WORK AND ACKNOWLEDGMENTS 


Williams spent the summers of 1932 and 1933 mapping the northern 
and western seven-ninths of the quadrangle, and Billings spent six weeks 
during the summer of 1934 mapping the southeastern two-ninths (see 
credit map in the legend accompanying the geological map, Pl. 3). Most 
of the petrographic studies were made by Williams, but Billings made spe- 
cial studies of the metamorphic rocks, Mt. Osceola granite, and Priest Hill 
granite. 

Mr. Henry Dill assisted Williams for two summers, and Dr. Samuel 
Bowditch, Dr. Allen Waldo, and Mr. C. Wroe Wolfe assisted Billings. 
Professor E. S. Larsen, Jr., gave much advice to Williams in his petro- 
graphic studies. Grants from the Whitney, Shaler, and Milton funds of 
Harvard University helped defray field expenses; the thin sections and 
some of the chemical analyses were financed from the Holden Fund, De- 
partment of Mineralogy and Petrography, Harvard University. Pro- 
fessor James W. Goldthwait, of Dartmouth College, and Mr. Frederic E. 
Everett, Highway Commissioner of New Hampshire, obtained the funds 
for the colored geological map (PI. 3). 

A semi-popular account of the geology of the Franconia quadrangle 
has already appeared (Billings and Williams, 1935). 


GENERAL LITHOLOGIC FEATURES 


The rocks of the Franconia quadrangle are classified into three major 
groups. The oldest group consists of metamorphosed volcanic and sedi- 
mentary rocks, of Ordovician (?) and Devonian age, which show middle- 
grade and high-grade metamorphism. The other groups are the New 
Hampshire magma series, probably late Devonian, and the White Moun- 
tain magma series, probably Mississippian. 
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Ficure 1.—Location of the Franconia quadrangle 
(1) Franconia quadrangle; (2) Littleton-Moosilauke area. 
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METAMORPHIC ROCKS 
GENERAL STATEMENT 


The metamorphic rocks of the Franconia quadrangle belong to two 
formations, the Ammonoosuc volcanics, of Ordovician (?) age, and the 
Littleton formation (including the Talford schists of the geological map, 
Pl. 3), of lower Devonian age. 


AMMONOOSUC VOLCANICS 


Amphibolites and biotite-hornblende schists on Abbot Hill and the 
1200-foot hill south of Franconia have been correlated with the Ammo- 
noosuc volcanics, because of their lithology and the fact that they are on 
the strike of a large belt of this formation in the Moosilauke quadrangle 
(Billings, 1937). 

On the 1200-foot hill south of Franconia are exposures of poorly strati- 
fied, green, fine-grained, needle-amphibolites composed of andesine (45 
per cent), hornblende (35 per cent), tremolite (15 per cent), magnetite 
(3 per cent), and small amounts of orthoclase, biotite, and apatite. This 
rock was originally a basaltic or andesitic tuff. On Abbot Hill the Ammo- 
noosuc volcanics consist of biotite-hornblende schists and fine-grained 
amphibolites, the latter containing large, euhedral magnetite crystals. 
On the north side of the hill, pegmatites are abundant, and the nearby 
volcanics are so recrystallized that they resemble fine-grained, granitoid 
rocks. 

LITTLETON FORMATION (INCLUDING TALFORD SCHIST) 

Distribution—There are three areas occupied by the Littleton forma- 
tion. The smallest is a narrow, northeasterly-trending belt 214 miles 
northwest of Profile Mountain. The second, mapped as Talford schist on 
the geological map, is a triangular area in the vicinity of Lincoln, with 
the apex of the triangle on Little Coolidge Mountain. The third, also 
mapped as Talford schist, is a discontinuous belt extending from Mt. 
Flume to Mt. Hale. 


Northwesterly belt—This belt is the northeasterly continuation of a 
large body of schist found in the vicinity of Mt. Moosilauke, which lies 
in the quadrangle to the west (Billings, 1987). In the Franconia quad- 
rangle, exposures have been found in only two localities within this belt. 
One is along Meadow Brook, where interbedded, fine-grained and medium- 
grained amphibolites represent metamorphosed basic volcanic tuffs. A 
mode of one of these amphibolites is given in Table 1. A second locality 
is along the Daniel Webster Highway, about half a mile north-northeast 
of the Profile Golf Club, where well-bedded garnet schists are found. 

In the Franconia quadrangle it is not possible to tell whether these 
schists belong to the middle-grade or the high-grade metamorphic zone, 
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because of the absence of critical index minerals. Inasmuch as sillimanite 
schists are common along the strike to the southwest in the Moosilauke 
quadrangle, these rocks in the Franconia quadrangle are considered to be- 
long in the high-grade zone. 


Lincoln area.—The metamorphic rocks in the southern part of the Fran- 
conia quadrangle are typical, high-grade schists, and contain the critical 
index mineral, sillimanite. Such rocks as quartz-mica schist, mica schist, 
garnet schist, sillimanite schist, and muscovitized sillimanite schist are 
common. A short distance south of the Franconia quadrangle, actinolite- 
bearing and diopside-bearing granulites are found, but they are distinctly 
subordinate types. In general the schists have a lepidoblastic texture, 
but some are relatively massive. Typical modes are given in Table 1. 
The schists of this area were originally shale, arenaceous shale, and 
argillaceous sandstone; pure sandstones were lacking. 

Granitoid rocks are commonly associated with the schists. Some 
are present as small, sill-like injections an inch or more thick; the few 
studied petrographically are quartz diorite and granodiorite. Other 
granitoid rocks occupy larger areas, as the body of Bickford granite, 
a quarter of a mile southwest from Loon Pond. Dikes and sills - 
pegmatite, a foot or more thick, are also common. 

The occurrence of pseudomorphs of muscovite after sillimanite in 
these schists, due to the introduction of potash from igneous sources, 
presumably the Bickford granite, has been described elsewhere (Bil- 
lings, 1938). 


Mt. Flume-Mt. Hale belt——Whereas some specimens from this belt 
are similar to those found in the Lincoln area, most of them differ in 
several respects. The original sediments, however, seem to have been 
essentially the same. In the Mt. Flume-Mt. Hale belt the metamorphic 
rocks tend to be more massive, lighter gray, and somewhat finer grained. 
Garnet is absent, not a single grain having been observed either in 
the field or in the thin sections. 

Some of the minerals in the rocks of this belt have undergone altera- 
tion; andalusite and cordierite to sericite; and biotite to chlorite. Silli- 
manite, although present, appears to have been far less common than 
andalusite. A definite conclusion is difficult, however, because of the 
extensive sericitization. 

The metamorphic rocks of this belt have been classified as quartz- 
mica schist, mica schist, cordierite schist, sillimanite-cordierite schist, 
and andalusite schist. Modes are given in Table 2. 

A possible explanation of the peculiarities of these schists will be 


given. 
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Age and correlation—The metamorphic rocks in the three areas just 
described are all considered to belong to the Littleton formation of lower 
Devonian age (Billings, 1937, p. 494-495). 

The belt 2% miles northwest of Profile Mountain is a direct con- 
tinuation of the schists on Mt. Moosilauke, where the schists were 
first considered to be lower Devonian, because of their lithology, strati- 
graphic relations, and structural position. The subsequent discovery of 
two specimens of brachiopods, one a Spirifer sp. ind., helped confirm 
this determination of the age. 

The triangular area of schists around Lincoln is called the Talford 
schist on the map (PI. 3); the legend says: “probably to be correlated 
with the Littleton formation, but this relationship has not yet been 
proved.” In the three years that have elapsed since the map was 
printed, L. R. Page (1937) and C. B. Moke (in preparation) have traced 
the schists from Mt. Moosilauke through the Rumney and Plymouth 
quadrangles into the schists in the southern part of the Franconia quad- 
rangle (Billings, 1938, p. 290). These schists are considered to be lower 
Devonian because of their continuity with schists of that age. 

The Mt. Flume-Mt. Hale belt of schists presents a more difficult prob- 
lem, as igneous intrusions isolate it from the other areas of schist. 
The original sediments, however, must have been similar to those of 
the Littleton formation—sandstone, sandy shale, and shale—and on 
this basis the Mt. Flume-Mt. Hale belt of schists are considered to 
belong to the lower Devonian Littleton formation. 

A possible explanation of the peculiarities of the schists of this belt 
may be presented here. As will be shown later, these schists lie inside 
a ring-dike of the Mt. Garfield porphyritic quartz syenite. Considerable 
subsidence is believed to have occurred inside this ring-dike, perhaps 
10,000 feet or more. If so, the schists inside the ring-dike were under 
less confining pressure during the regional metamorphism than the 
schists outside the ring-dike. They might thus represent a facies meta- 
morphosed under temperature conditions essentially the same as those 
outside the ring-dike, but under less confining pressure. Perhaps the 
absence of garnet and the relative abundance of andalusite relative 
to sillimanite may be explained thus. This explanation should be con- 
sidered, however, as a working hypothesis. Additional work in the 
Franconia quadrangle, as well as information which will be obtained 
when the Crawford Notch quadrangle is mapped, may shed more light 
on this subject. 
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NEW HAMPSHIRE MAGMA SERIES 
GENERAL STATEMENT 


The subalkaline New Hampshire magma series is represented in 
the Franconia quadrangle by the Bethlehem gneiss, Kinsman quartz 
monzonite, Priest Hill granite, Bickford granite, intrusive breccia, and 
Serag granite. This magma series was intruded during the later stages 
of and subsequent to a great orogenie period considered to be late 
Devonian. The lead-uranium ratio of a uraninite found in a pegma- 
tite derived from the Bethlehem gneiss at Grafton, New Hampshire, 
indicates a Devonian age (Shaub, 1937). - 


BETHLEHEM GNEISS 

On the 1260-foot hill, 2 miles south of Franconia village, isolated 

exposures of quartz monzonite gneiss form the northeasterly extension 

of a large body of Bethlehem gneiss in the Moosilauke quadrangle. 

The name Bethlehem was proposed by C. H. Hitchcock (1877, p. 104- 
111), but its usage has been modified by Billings (1937, p. 504). 


TABLE 4.—Chemical analyses of plutonic rocks, Franconia quadrangle 


1 2 3 4 5 6 7 8 
67.04 | 66.74 | 65.52 | 75.86 | 71.88 | 68.82 | 72.94 | 73.44 
0.57 0.70 0.70 0.14 0.25 0.29 0.18 0.08 
16.30 | 15.70] 16.72 | 13.32 | 13.64 14.44 | 12.46] 13.96 
0.74 0.85 0.60 0.49 1.35 0.50 0.62 0.48 
3.97 4.30 4.75 0.52 1.99 3.92 2.23 1.74 
0.04 0.06 0.06 tr 0.03 0.11 0.06 0.03 
1.31 1.50 1.55 0.02 0.17 0.18 0.17 0.22 
2.68 1.96 1.94 0.36 0.90 2.68 2.15 1.49 
2.83 2.60 2.76 3.03 3.73 3.49 3.63 3.52 
4.03 4.48 3.68 5.86 5.61 5.10 5.02 4.88 
n.d. n.d. n.d. n.d. n.d. 0.10 0.16 0.10 
0.04 0.79 1.21 0.28 0.29 0.35 0.38 0.33 

0.11 0.11 0.23 n.d 0.00 0.09 0.05 tr. 

0.04 0.10 0.19 n.d 0.02 tr tr tr 
n.d n.d n.d. 0.07 n.d. n.d. n.d. n.d. 
n.d n.d n.d. 0.03 nd n.d. n.d. n.d. 
n.d n.d n.d. n.d nd 0.00 0.00 0.00 
99.70 | 99.89 | 99.91 | 99.98 | 99.87 | 100.07 | 100.05 | 100.27 


1. Bethlehem gneiss, village of Easton, Moosilauke quadrangle; F. A. Gonyer, analyst. 

2. Kinsman quartz monzonite, porphyritic phase, Kinsman Notch, outlet of Beaver Pond, Moosilauke 
quadrangle; F.’ A. Gonyer, analyst. 

3. Kinsman quartz monzonite, non-porphyritic phase, Kinsman Notch, on highway half a mile east of 
B.M. 1814, Moosilauke quadrangle; F. A. Gonyer, analyst. 

4, Scrag granite, due north of Franconia village, on road, at altitude of 1,350 feet; F. A. Gonyer, analyst. 

5. Mt. Lafayette granite porphyry, Galehead Hut on west flank of South Twin Mountain; F. A. Gonyer, 
analyst. 

6. Mt. Garfield porphyritic quartz syenite, 2,050 feet altitude on Little River; W. H. Herdsman, analyst. 

7. Mt. Osceola granite, one mile northeast of Potash Knob; W. H. Herdsman, analyst. 

8. Conway granite, Profile phase, foot of Profile Cliffs; W. H. Herdsman, analyst. 
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The gneiss is a dark, foliated rock with abundant biotite, and granu- 
lated quartz and feldspar. Many of the quartz and feldspar grains 
are elongated into pod-shaped masses, with biotite flakes between the 
pods. Microscopic study shows an inequigranular, granoblastic to cata- 
clastic texture. A mode is given in Table 3. A chemical analysis of 
Bethlehem gneiss from the same body in the Moosilauke quadrangle 
(near the village of Easton) is given in Table 4. The analyzed rock, 
however, has more plagioclase relative to potash feldspar, than the 
specimen from the Franconia quadrangle. 

Due to the isolated character of the exposures, the age relations of 
the Bethlehem gneiss in the Franconia quadrangle cannot be deter- 
mined. Evidence in the Moosilauke quadrangle indicates, however, 
that the Bethlehem gneiss cuts the youngest schists and is, therefore, 
younger than the lower Devonian (Billings, 1937, p. 506). 


KINSMAN QUARTZ MONZONITE 

The Kinsman quartz monzonite, the type locality for which is at 
Kinsman Notch in the Moosilauke quadrangle (Billings, 1937, p. 506), 
is the most abundant member of the New Hampshire magma series 
in the Franconia quadrangle. In general the Kinsman quartz mon- 
zonite is a medium- to coarse-grained, foliated to massive rock, which 
has porphyritic and non-porphyritic phases. The phenocrysts are tab- 
ular crystals of potash feldspar, 1 to 5 centimeters long, generally with 
Carlsbad twinning. Such phenocrysts may be absent or may consti- 
tute up to 15 per cent of the rock. In some instances they are par- 
allel to each other, but elsewhere they are diversely oriented. 

Microscopie study shows that the groundmass has a hypidiomorphic 
to granoblastic, inequigranular to porphyritic texture; the individual 
grains are from 2 to 5 millimeters in diameter. The quartz forms 
irregular, fractured grains, some of which have strain shadows, others 
have been crushed into a mosaic of tiny anhedral grains, and still 
others have become biaxial in character. The indices (6 = y = 1.648) 
of the biotite suggest an iron-rich mineral, with perhaps twice as much 
iron as magnesia; the chemical analyses (Table 4) support this view. 

Modes of the granodiorite and quartz monzonite phases are given 
in Table 3. In addition, some specimens have the composition of 
quartz diorite. Two chemical analyses, one of the porphyritic phase, 
the other of the non-porphyritic phase, taken from the Moosilauke 
quadrangle (Billings, 1937, p. 556), are given in Table 4. 

The Kinsman quartz monzonite cuts the Littleton formation on the 
Franconia Branch. In Meadow Brook, pegmatites, probably derived 
from the Kinsman quartz monzonite, cut the amphibolites of the Little- 
ton formation. On the other hand, inasmuch as the Kinsman occurs 
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as fragments in the “Franconia breccia,” the. former is older than the 
latter; the “Franconia breccia,” in turn, is cut by the Conway granite. 
Billings (1928, p. 99) states that blocks of rocks similar to the Kins- 
man occur in the Moat volcanics in the North Conway quadrangle. 
Dikes of Mt. Lafayette granite porphyry cut the Kinsman quartz mon- 
zonite at 4200 feet on the Greenleaf trail, on the north flank of Mt. 
Lafayette and on the Garfield Ridge trail a few hundred yards east of 
Garfield Pond. Moreover, dikes and stringers of the Mt. Garfield por- 
phyritic quartz syenite cut the Kinsman at 3620 feet on the “slide” 
half a mile northeast of the summit of Mt. Lincoln. 

The well-developed foliation and granulation of many of the min- 
erals indicate that the Kinsman was intruded and crystallized during 
an orogenic period. 


PRIEST HILL GRANITE 


On Priest Hill, in the northern part of the quadrangle, are exposures 
of a somewhat gneissic rock for which the name Priest Hill granite 
has been proposed (Billings and Williams, 1935, p. 9). It is a fine- to 
medium-grained, light-colored, weakly gneissic rock, with hypidiomor- 
phic granular to granoblastic texture. Consideration of the mode given 
in Table 3 shows that in the Johannsen classification this rock is on 
the border-line between albite granite and sodaclase granodiorite. 

There are no field data as to the age of this intrusive. Because of 
its mineral composition, granoblastic texture, and weak foliation, it is 
considered to belong to the New Hampshire magma series, and to be 
younger than the Bethlehem gneiss and the Kinsman quartz monzo- 
nite, but older than the Bickford granite. 


BICKFORD GRANITE 


The Bickford granite, so named for the exposures on Bickford Moun- 
tain, is a white to gray, fine- to medium-grained binary granite low 
in dark minerals. Five bodies of this rock are shown in the northern 
part of the Franconia quadrangle, and one in the southern part near 
Loon Mountain. On the map the pattern representing the Bickford 
granite indicates areas where this type is the dominant rock. Actually, 
there are many small intrusions, and the oval outline of this granite on the. 
geological map may give the reader an incorrect impression of the shape 
of the bodies. 

There are two textural phases of the Bickford granite. One is fine- 
to medium-grained, non-porphyritic; the other is medium-grained, por- 
phyritic with a subparallel arrangement of the feldspar phenocrysts. 
Modes are given in Table 3. The complex and irregular manner in 
which the Bickford granite intrudes the Kinsman quartz monzonite is 
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well displayed on the South Branch of the Gale River, between alti- 
tudes of 1900 and 2600 feet. 


INTRUSIVE BRECCIA 


The “Franconia breccia” of Hitchcock (1877, p. 137-142) is found 
in two areas in Franconia Notch. Inasmuch as “Franconia” is used 
for a Cambrian sandstone in the upper Mississippi Valley, it seems 
best to abandon this term in New Han pshire and use “instrusive 
breccia” instead. 

This breccia consists of angular fragments of Kinsman quartz mon- 
zonite and older schists in a light-colored, fine-grained granitic matrix. 
Various types of the Kinsman quartz monzonite are represented among 
the fragments, both porphyritic and non-porphyritic, and foliated and 
non-foliated. The inclusions range from a few inches to several feet 
in diameter. 

The matrix is a light-colored, fine-grained, binary granite which con- 
tains visible biotite and garnet. In the central part of the body the 
granite constitutes 50 per cent of the breccia, but it becomes progres- 
sively less abundant near the margins. Microscopic study shows a 
hypidiomorphic granular texture. A mode is given in Table 3. The 
accessories include andalusite, pyrite, magnetite, zircon, apatite, and 
garnet (almandite). Optical data (6 = y = 1.664) indicate that the 
biotite is iron-rich, with a higher iron-magnesia ratio than in the Kins- 
man quartz monzonite. 

The borders of the “Franconia breccia” are vague. The dikes of 
fine-grained granite cutting the Kinsman gradually become less abun- 
dant, and there is thus complete transition between the breccia and the 
Kinsman. The matrix of the “Franconia breccia” is obviously younger 
than the Kinsman quartz monzonite, but does not differ materially from 
the Bickford granite. The Conway granite is younger than the “Fran- 
conia breccia,” for, on Eagle Cliffs, stringers of Conway granite cut 
both the fragments and the matrix of the breccia. 


SCRAG GRANITE 
The Scrag granite is typically exposed on Scrag Hill, in the extreme 


-northwest corner of the Franconia quadrangle and is part of a body 


which extends into the adjacent quadrangles. Hitchcock included this 
rock within his Bethlehem gneiss, but it is rather different from the 
Bethlehem as that rock is now defined. 

The Scrag granite is a medium- to coarse-grained, granitoid, flesh- 
colored rock with few dark minerals. Subhedral crystals of microcline, 
3 to 7 millimeters long, and round, equally large, milky crystals of 
quartz, are set in a groundmass with an average grain size of about 
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one millimeter. The larger grains are so abundant, however, that the 
porphyritic character is not apparent. There are a few biotite flakes 
0.3 to 0.5 millimeters in diameter. A mode is given in Table 3 and 
a chemical analysis in Table 4. Much of the quartz has been granu- 
lated so that what megascopically appear to be individual quartz grains 
prove, on microscopic study, to be composed of a mosaic of small grains. 


WHITE MOUNTAIN MAGMA SERIES 
GENERAL STATEMENT 


The White Mountain magma series is alkaline. The extrusive phase, 
the Moat volcanics, was deposited with pronounced angular uncon- 
formity on the older schists and granites. The plutonic phases, con- 
sisting of small bodies of diorite, quartz diorite, and syenite, and large 
bodies of Mt. Lafayette granite porphyry, Mt. Garfield porphyritic 
quartz syenite, Mt. Osceola granite, and Conway granite, are younger 
than the Moat volcanics, insofar as data are available. 

This magma series is tentatively considered to be of Mississippian 
age, possibly early Pennsylvanian. This series is not only younger than 
the lower Devonian sediments of New Hampshire, but it is necessary 
to allow sufficient time between the lower Devonian and the White 
Mountain magma series for folding, metamorphism, intrusion of the 
New Hampshire magma series, and deep erosion. On the other hand, 
if it may be assumed that the alkaline rocks of New England are essen- 
tially contemporaneous, inasmuch as the Quincy-Blue Hill group near 
Boston is pre-Pennsylvanian (Emerson, 1917), the White Mountain 
magma series would also be pre-Pennsylvanian. 

This series differs from the New Hampshire magma series not only 
in age but in some other respects. The rocks are almost invariably 
massive and scarcely, if ever, show any foliation. In addition, there 
are certain minerals, diagnostic of the White Mountain magma series, 
which are not present in any member of the New Hampshire magma 
series. These are pyroxene (diopside-hedenbergite), amphibole (has- 
tingsite, riebeckite), olivine (chrysolite-fayalite), allanite, and fluorite. 


MOAT VOLCANICS 


Distribution—The Moat volcanics, named by Billings (1928, p. 89- 
101) from the excellent exposures on South Moat Mountain in the North 
Conway quadrangle, are found in a few scattered areas in the Franconia 
quadrangle. On the summit of Mt. Hale, exposures are poor, but rhyolitic 
and andesitic tuffs, breccias, and flows are exposed. In the valley due 
west from the summit, at an altitude of about 3,600 feet, the unconform- 
able relations between the Littleton formation and the Moat volcanics 
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may be seen. The schistosity of the Littleton formation strikes N 24° E 
and dips 85° NW, whereas the bedding in the overlying volcanics strikes 
N 62° E, and dips 42° SE.. The volcanics directly above the contact 
consist of interbedded rhyolitic tuff and breccia. This is the best locality 
in all New Hampshire to observe the angular unconformity between the 
Moat voleanies and underlying rocks. 

Half a mile due west from the summit of North Twin Mountain the 
voleanics are well exposed on a “slide” with a relief of 700 feet. They 
consist largely of aphanitic tuffs and breccias which carry both angular 
and rounded fragments, from a fraction of an inch to several feet in 
diameter. These fragments, of rhyolite, andesite, and older schist, are 
set in a fine-grained rhyolitic matrix. No fragments of the plutonic rocks 
of the White Mountain magma series were found in the breccias. Irregular 
stringers of the Mt. Lafayette granite porphyry cut the volcanics. 

The third body of Moat volcanics, three-fourths of a mile in diameter, 
is on Owls Head. Bedding varies in strike from N 70° W to N 55° W, 
and the dip from 32° NE to vertical. Irregular dikes of the Mt. Lafayette 
granite porphyry cut the volcanics. ; 


Rhyolite flows—The rhyolite flows are light-gray and purplish gray; 
are generally porphyritic, carrying up to 60 per cent phenocrysts; and 
have an aphanitic groundmass. The phenocrysts, 0.2 to 0.5 millimeters 
in diameter, are quartz, feldspar, and chlorite, with quartz predominating. 
The chlorite represents the alteration of original ferromagnesian pheno- 
erysts. Quartz occurs as round, corroded grains which in many cases are 
embayed. The feldspar, in subhedral, corroded, sericitized grains, is gen- 
erally orthoclase, but microperthite and oligoclase are locally present. 
The groundmass is panallotriomorphic, with a grain size of 0.01 to 0.04 
mm. It is composed largely of quartz and orthoclase intergrown with 
hornblende and biotite; the last two minerals have been partially altered 
to chlorite, magnetite, and epidote. The proportion of dark minerals in 
the rhyolitic rocks is small, seldom exceeding 10 per cent. Accessory 
minerals are pyrite, magnetite, zircon, and apatite. 


Andesite flows.—Andesite occurs on the east flank and summit of Mt. 
Hale, associated with rhyolitic flows, tuffs, and breccias. The andesite is 
aphanitic, dark-gray to black, and carries few phenocrysts. Microscopic 
study shows that it is fine-grained, with a trachytic texture. The pheno- 
erysts are sericitized aggregates of andesine. The groundmass is com- 
posed of laths of andesine (An,;) which have a sub-parallel arrangement, 
and interstitial hornblende, epidote, and magnetite. 


Rhyolitic tuffs and breccias——The flows just described are in places 
interbedded with rhyolitic tuffs and breccias. At Owls Head and on Mt. 
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Hale they are bedded, but on North Twin Mountain no structure is visible. 
The fragments in the breccias at the first two localities are generally 
angular and small, averaging one or two inches across; whereas on North 
Twin Mountain some are rounded, others angular, and they vary from 
a fraction of an inch to several feet across. Almost without exception 
the fragments are aphanitic volcanics, usually tuffs of rhyolitic and 
andesitic composition. 

The matrix is light-gray to purplish gray, in many cases speckled with 
tiny grains of biotite or hornblende. Microscopically it varies from crypto- 
crystalline to a panallotriomorphic intergrowth of quartz and orthoclase. 
Chlorite, biotite, and hornblende are locally important constituents. 
Magnetite, zircon, and apatite are the accessories. 


DIORITE 


In the brook south of Dry Brook, a body of diorite, with an area of not 
more than a few hundred square feet, is exposed at an altitude of 2,700 
feet. The contacts are not visible, so the age relations cannot be deter- 
mined. The diorite and quartz diorite are considered to be older than 
the syenites, quartz syenites, and granites, because those are the relations 
in the White Mountain magma series in other parts of New Hampshire, 
such as the North Conway quadrangle (Billings, 1928, p. 102) and Belk- 
nap Mountains (Modell, 1936, p. 1899). 


Megascopically the diorite is a medium-grained, massive, granitoid 
rock with a spotty appearance, due to the contrast between the light-green 
feldspar and the dark minerals. The average grain size is 2 to 4 mm. 
Microscopically the diorite is hypidiomorphic, inequigranular; the mode 
is given in Table 3. The pyroxene and biotite are partly altered to chlor- 
ite; accessories are apatite and magnetite. 


QUARTZ DIORITE 


The quartz diorite occupies a small body, half a mile across, in the 
northwestern part of the quadrangle, aiong Meadow Brook, between alti- 
tudes of 1,620 and 1,810 feet. There are no field data available concerning 
its age. 

The quartz diorite is a dark, massive, granitoid rock in which the feld- 
spar grains are 8 to 5 millimeters in diameter, whereas the ferromagnesian 
minerals are somewhat smaller. A mode is given in Table 3. The texture 
is hypidomorphic granular. 

SYENITE 

Syenite, which is an important representative of the White Mountain 
magma series in the North Conway quadrangle (Billings, 1928, p. 112-115), 
Belknap Mountains (Modell, 1936, p. 1903-1904), and Percy area (Chap- 
man, 1935), is insignificant in the Franconia quadrangle. A fine-grained, 
porphyritic syenite, exposed along the brook south of Dry Brook, between 
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2,320 and 2,820 feet, is the only true syenite. On Dry Brook, at 2,000 and 
2,150. feet, dikes of this syenite cut the Kinsman quartz monzonite. The 
syenite is a fine-grained, light-gray porphyry, rather rich in dark min- 
erals. Microscopic study shows that the phenocrysts are chiefly micro- 
perthite. A mode is given in Table 3. The hornblende occurs as rims 
around the pyroxene. 


MT. LAFAYETTE GRANITE PORPHYRY 


The name “Mt. Lafayette granite porphyry” (Billings and Williams, 
1935, p. 18) has been proposed for a rock occupying much of the Franconia 
quadrangle and typically exposed on the summit of Mt. Lafayette. There 
are few localities in the White Mountains outside the Franconia quad- 
rangle where rocks similar to the Mt. Lafayette granite porphyry have 
been described. The quartz porphyries in the North Conway quadrangle 
and the Ossipee Mountains closely resemble the granite porphyries de- 
scribed here, but were considered to be chiefly extrusives by Billings 
(1928, p. 89) and Kingsley (1931), although the former suggested that 
some of these rocks might be shallow intrusives. There is no doubt but 
that the Mt. Lafayette granite porphyry is intrusive. This statement is 
hased upon the complete lack of bedding or flow structure, cross-cutting 
relations, and the relatively coarse groundmass. 

There is one large, dike-like mass extending the entire length of Fran- 
conia Ridge and as far south as Hardwood Ridge, a total length of 5 miles. 
The main area, however, 10 miles long and 3 miles wide, extends in a gen- 
eral southwesterly direction from Mt. Hale to Mt. Flume. It is occupied 
by high, heavily forested mountains difficult of access. A third, small 


area, is found around Flat Top Mountain, in the north-central part of 


the quadrangle. 

The Mt. Lafayette granite porphyry is a hard, massive, gray, red, or 
green rock, in which the number and character of the phenocrysts vary 
from place to place. One of the most conspicuous phenocrysts is quartz, 
which occurs as amber or smoky crystals with the bipyramidal termina- 
tion characteristic of high-temperature quartz. The individual crystals 
range from 2 to 6 millimeters in length. White feldspar crystals, of the 
same general size, and rather rectangular in outline, are present in some 
areas. Black phenocrysts of hastingsite, fayalite, and hedenbergite are 
not uncommon. 

Inasmuch as the Mt. Lafayette granite porphyry has not been previously 
described anywhere in the White Mountains, a rather detailed microscopic 
description is given. The phenocrysts are quartz and feldspar, 5 to 8 
millimeters in diameter, and hastingsite, hedenbergite, and fayalite, 0.6 
to 1.4 millimeters in diameter (PI. 2, fig. 1). The groundmass, generally 
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Figure 1. Mr. LaFayette From North KinsMAN Mountain 
Photograph by W. F. Jenks. 


Figure 2. AIRPLANE VIEW SOUTH THROUGH FRANCONIA NoTtcH 

Echo Lake (foreground), Profile Lake (near center), Profile Mountain (right of Profile Lake). Irreg- 
ular streaks on mountain are lumber trails. Cirque-carved ridge (left of Profile Lake) is Franconia 
Ridge; Mt. Lafayette (extreme left end of Franconia Ridge, just within picture); Mt. Liberty (right- 
hand conical peak in middle background) and Mt. Flume (left-hand conical peak). Picture taken 
about fifteen years ago; hotel between the two lakes has since been destroyed by fire. (Photograph by 
U. S. Army Air Corps, courtesy of Appalachian Mountain Club.) 
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composed of grains of 0.06 to 0.3 millimeters in diameter, consists of 
quartz, microperthite, orthoclase, oligoclase, hastingsite, hedenbergite, 
fayalite, and biotite, with fluorite, allanite, apatite, zircon, and magnetite 
as accessories. 

Quartz is present in the groundmass and as phenocrysts. The pheno- 
crysts in many cases show the bipyramidal form characteristic of high- 
temperature quartz, particularly in the hand specimens, but microscopic 
study shows so much corrosion that the grains appear to be round or irregu- 
lar. There is a notable absence of strain shadows. In the groundmass 
the quartz is intergrown with orthoclase, oligoclase, hastingsite, and heden- 
bergite, with an equigranular, panallotriomorphic texture. 

Microperthite, orthoclase, and oligoclase are all constituents of the Mt. 
Lafayette granite porphyry. The microperthite, which occurs only as 
phenocrysts, averaging 5 to 8 millimeters in diameter, is corroded by the 
groundmass. Orthoclase is an important mineral in the groundmass, 
where it is intergrown with quartz, oligoclase, hastingsite, and heden- 
bergite, and it is locally present as irregular, corroded phenocrysts. Some 
oligoclase is found as corroded phenocrysts, but it is a more common 
constituent of the groundmass. 

Hastingsite occurs as phenocrysts 0.6 to 1.4 millimeters in diameter and 
poikilitically encloses quartz and orthoclase (PI. 2, fig. 2). The enclosed 
grains may form as much as 35 per cent of the hastingsite grains. More- 
over, the edges of the amphibole are scalloped by the corroding ground- 
mass. In the groundmass, hastingsite is in small, irregular grains. It also 
forms rims around the hedenbergite phenocrysts. 

Hedenbergite occurs as phenocrysts. Its optical properties are: biaxial 
positive, a = 1.731, B = 1.736, y = 1.758; 2V = 60° + 3°; dispersion, 
p > v, weak; Y = b, Z, c = 45°. From the optics it is difficult to dis- 
tinguish between hedenbergite and augite, but an analyzed pyroxene from 
related rocks in the Percy quadrangle (Chapman, 1935), having the same 
optical properties, has only a small amount of alumina, characteristic of 
the diopside-hedenbergite series. Almost without exception, the heden- 
bergite in the Mt. Lafayette granite porphyry is surrounded by reaction 
rims of hastingsite. In the groundmass the hedenbergite is intergrown 
with quartz, feldspar, and hastingsite with a panallotriomorphic texture. 

Phenocrysts of fayalite are common. They are usually closely asso- 
ciated with other ferromagnesian minerals and are seldom found alone. 
The grains are usually smaller than the feldspar phenocrysts, but consid- 
erably larger than the groundmass. They average about 0.6 to 1.4 milli- 
meters in diameter. All the grains are irregular or rounded. The optical 
properties are: biaxial negative; a = 1.816, B = 1.854, y = 1.864; 
2V = about 50°; dispersion, p > v, strong; color, pale green. Winchell’s 
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curves indicate a composition of 88 per cent fayalite molecule, 12 per 
cent forsterite molecule. Fayalite is rare in the groundmass. 

Biotite is found only as a minor constituent. Fluorite is an important 
accessory occurring as irregular, interstitial grains, which vary from 0.5 
to 2.0 millimeters in diameter. Allanite, an important index mineral for 
the White Mountain magma series, forms small, corroded subhedral grains 
which are deep-red and slightly pleochroic. Apatite and zircon, in euhedral 
grains, are common. Magnetite is also present. Alteration has produced 
sericite and kaolin from feldspars and chlorite from the ferromagnesian 
minerals. 

Modes are given in Table 3, and a chemical analysis in Table 4. 

Numerous data are available on the relative age of the Mt. Lafayette 
granite porphyry. On the Greenleaf trail, on the west flank of Mt. 
Lafayette, at 4,020 feet, near Eagle Lakes, a dike of Mt. Lafayette granite 
porphyry about 4 feet thick cuts the porphyritic phase of the Kinsman 
quartz monzonite. A similar dike cuts the Kinsman on the Garfield Ridge 
trail a few hundred yards east of Garfield Pond. In the volcanic areas 
on North Twin Mountain and Owls Head, the Mt. Lafayette granite 
porphyry is intrusive into the Moat volcanics. The Mt. Garfield porphy- 
ritic quartz syenite, on the other hand, is younger than the Mt. Lafayette 
granite porphyry, as shown by the two large tongues of the Mt. Garfield, 
each nearly a mile long, which cut the Mt. Lafayette. One is on Fran- 
conia Ridge, between Mt. Lafayette and Mt. Lincoln; the other is near 
the headwaters of the North Branch of the Gale River west of North 
Twin Mountain. On Lincoln Brook, one mile west of its junction with 
Franconia Branch, the contact between the Mt. Lafayette granite porphyry 
and the Mt. Osceola granite is exposed in the stream bed. The Mt. Osceola 
granite has a chill border 12 to 15 feet wide, showing that it is the younger 
rock. 

MT. GARFIELD PORPHYRITIC QUARTZ SYENITE 


The Mt. Garfield porphyritic quartz syenite forms a long, narrow, 
arcuate mass which extends from South Sugarloaf Mountain, in the north- 
east corner of the quadrangle, through the north spur of North Twin 
Mountain, Mt. Garfield, and thence southward along the eastern flank 
of Franconia Ridge. The body is 13 miles long, reaches a maximum width 
of one mile, but averages less than half a mile in width. The rock is green 
wherever fresh, but in the weathered exposures which are usually encoun- 
tered, it is gray or even pink. The phenocrysts are amber to smoky 
quartz, 3 to 6 millimeters in diameter, and white feldspar, 6 to 12 milli- 
meters long. Less-common phenocrysts are hedenbergite, fayalite, and 
hastingsite in crystals one millimeter across. The groundmass is rela- 
tively fine grained, and microscopic study shows that it is composed of the 
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same minerals as the phenocrysts. This rock is very similar mineralogi- 
cally, chemically, and texturally to the Albany porphyritic quartz syenite 
found elsewhere in central New Hampshire (Billings, 1928, p. 105-112; 
Kingsley, 1931, p. 157-158; Modell, 1936, p. 1906-1908), and it is with 
some hesitation that a new name is proposed for the variety found in the 
Franconia quadrangle. The feldspar phenocrysts in the Franconia quad- 
rangle, however, are approximately twice as large as those found at the 
type locality, and the groundmass is also coarser. 

Microscopic study shows that the phenocrysts are chiefly microperthite, 
in large, subhedral to euhedral grains (PI. 2, fig. 3). As is characteristic 
in this magma series, the microperthite consists of orthoclase with irregular 
stringers and patches of twinned albite. Quartz phenocrysts, which are 
subordinate to the feldspar in quantity, are subhedral or rounded, and 
almost all are corroded. Locally, oligoclase (An.,) is found as pheno- 
crysts. Hastingsite phenocrysts poikilitically enclose quartz and feld- 
spar. Hedenbergite phenocrysts are common, and generally have reaction 
rims of hastingsite. Fayalite phenocrysts are generally associated with 
the hastingsite and hedenbergite, and, like them, are anhedral. The femag 
phenocrysts are invariably smaller than the feldspar and quartz pheno- 
crysts, but are many times larger than the grains which constitute the 
groundmass. The groundmass is composed of a panallotriomorphic inter- 
growth of quartz, orthoclase, and subordinate oligoclase (Anz), with 
some hastingsite. The accessory minerals are allanite, fluorite, iron oxide, 
zircon, apatite, and pyrite. 

A mode is given in Table 3 and a chemical analysis in Table 4. 

The Mt. Garfield porphyritic quartz syenite cuts the Kinsman quartz 
mongonite. This may be observed on the “slide” half a mile northeast 
of the summit of Lincoln Mountain. Dikes and tongues of the Mt. Gar- 
field extend into the Kinsman for a short distance from the contacts, 
interlocking and crossing in such a way as to form a small, breccia-like 
area a few feet wide. The apophyses of the Mt. Garfield cutting the Mt. 
Lafayette have already been described. The manner in which the Mt. 
Osceola and Conway granites cut aross the southern end of the Mt. 
Garfield porphyritic quartz syenite indicates that they are younger than 
the quartz syenite. 

MT. OSCEOLA GRANITE 


The name Mt. Osceola granite has been proposed for the granite ex- 
posed on Mt. Osceola and Scar Ridge (Billings and Williams, 1935, p. 15). 
This rock is found in two areas, the larger an arcuate mass about 9 
miles long and 2 miles wide, which extends from Mt. Osceola through 
Scar Ridge, Black Mountain, Potash Knob, and Whaleback Mountain 
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to Franconia Branch. The second, the western extension of a large mass 
in the Crawford Notch quadrangle, lies northeast of Mt. Hitchcock. 

The Mt. Osceola granite is characteristically a coarse- to medium- 
grained granite, but in most of the exposures it is weathered to a white 
or gray rock, and to obtain fresh specimens is difficult. Wherever the 
rock has been blasted for lumber roads, however, it is fresh and typically 
green. Smoky to milky quartz and greenish feldspar in grains 2 to 10 
millimeters across are readily discernible, but the precise distribution 
and character of the dark minerals is difficult to determine. In a few 
localities, notably Whaleback Mountain and parts of Scar Ridge, fresh 
amphibole may be recognized. Biotite is also present in some places, and, 
where it is abundant, distinction between the Mt. Osceola and the Con- 
way granites may be difficult. 

A mode is given in Table 3; minor accessories are fluorite and allanite. 
The texture is hypidiomorphic granular. The primary femag minerals 
have, in many cases, been hydrothermally altered to chlorite, secondary 
biotite, secondary hornblende, limonite, and a little pyrite. The hasting- 
site has the following optical properties: biaxial negative; a = 1.693, 
6B = 1.719, y = 1.721; 2V, small; orientation, Y = b, Z , c = 20°; pleo- 
chroism, X = yellow, Y = olive green, Z = dark green; X > Y > Z. 
These optics are similar to those obtained by Billings (1928, p. 109) on an 
analysed hastingsite from the Albany porphyritic quartz syenite in the 
North Conway quadrangle. Indices of the biotite are: B = y = 1.673, 
which are similar to an analyzed iron-rich lepidomelane from Conway 
granite in the Conway granite from the Percy area (Chapman and 
Williams, 1935, p. 512). © 

A chemical analysis is given in Table 4. 

There are few field data concerning the relative age of the Mt. Osceola 
granite, but north of Loon Pond it intrudes the Littleton schists. On 
Lincoln Branch, at an altitude of 1,980 feet, it is chilled against the Mt. 
Lafayette granite porphyry. The relations to the Conway granite are 
discussed in the following paragraphs. 


CONWAY GRANITE 
The Conway granite, so named by Hitchcock (1877, p. 142) because 
of the granite quarries in the township of that name, is found in four 
major and two lesser bodies. One stock, roughly oval in shape, centers 
about Profile Mountain. A second includes Mt. Pemigewasset and The 
Flume, and sends a large tongue southward toward Loon Pond. The 
third, and largest, body lies along the east border of the quadrangle, ex- 
tending from Greeley Ponds in the extreme southeast corner of the map 
to Zealand Ridge, a distance of 14 miles. The fourth major body 
lies in the extreme northeast corner of the quadrangle. 
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The Conway granite is characteristically a pink, biotite granite, com- 
posed of pink feldspar, smoky to clear quartz, and biotite. Two phases 
have been recognized, “The Flume” and “Profile” phases. 

“The Flume” phase occupies the irregular stock in the center of which 
the Flume is located and also the large body extending northward from 
Greeley Ponds to Zealand Ridge. This is a coarse-grained, granitoid 
rock with pink feldspar, colorless or smoky quartz, and biotite. The 
quartz generally occurs in irregular grains 5 to 7 millimeters in diameter, 
feldspar as tabular grains 7 to 9 millimeters long, and biotite in some- 
what smaller flakes. 

A mode of this phase is given in Table 3; accessories include fluorite, 
allanite, apatite, zircon, and magnetite. The texture is hypidimorphic 
inequigranular. The optical properties of the biotite are: biaxial nega- 
tive: a = 1.606, B = 1.672, y = 1.672; optic angle very small (5°+-); 
dispersion, p > v, medium; optic orientation, X , c = 4°; pleochroic 
formula, X = straw yellow, Y = greenish brown; Z = brown. These 
optics are almost identical with those of an analysed iron-rich lepidome- 
lane from the Percy area (Chapman and Williams, 1935, p. 512). 

The “Profile” phase is found in the stock centering about Profile 
Mountain. It is a medium-grained, granitoid rock composed of quartz, 
pink feldspar, and biotite, and it is finer grained than “The Flume” 
phase. It carries some hastingsite, but otherwise it is mineralogically 
similar to the “Flume” phase. There is a fine-grained, porphyritic phase 
of the Profile type near the summit of Profile Mountain. 

A chemical analysis is given in Table 4. 

Along the base of Eagle Cliffs opposite Echo Lake, the Conway 
granite sends dikes and stringers into the “Franconia breccia”. South 
of Hardwood Ridge the Conway granite and Mt. Osceola granites to- 
gether seem to cut off the Mt. Garfield porphyritic quartz syenite. 

The exact relationship between the Conway granite and the Mt. 
Osceola granite is not clear from any direct field evidence. In fact, in 
some places it was difficult to distinguish the two. Both field and lab- 
oratory studies, however, demonstrated the reality of the separation, and 
the following criteria were used in the field to distinguish the two: (1) 
a pink, biotite granite is Conway; (2) a “dirty”, green granite, in which 
no dark minerals can be definitely identified, is Mt. Osceola; (3) hasting- 
site granites are Mt. Osceola; (4) green biotite granites may be either. 
After the criteria were applied and all the outcrops plotted, it became 
apparent that the distribution of the two types is not haphazard, but 
that there is a relatively simple system which is quite apparent on the 
geological map. A precise boundary, however, between the two granites 
could never be established, and in most places there is apparent a trahsi- 
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tion zone many scores of feet wide. The nearest approach to a sharp 
contact was found on the two slides on the east slope of the East Peak 
of Mt. Osceola, where the two granites could be traced to within a few 
feet of each other, but outcrops fail at the critical points. Data obtained 
by Althea Page Smith in the Mt. Chocorua quadrangle (in preparation) 
indicate that the Conway granite is apparently younger, and the writers 
believe that the Conway granite followed the Mt. Osceola granite before 
the latter had completely consolidated, and there was a tendency for the 
two rocks to mix at the contact. 


DIKES 
Pegmatites comagmatic with the New Hampshire magma series are 
common, but no special study has been made of them. Siliceous and 
femic dikes are comagmatic with the White Mountain magma series. The 
siliceous dikes include aplites and granite porphyries. The aplites cut the 
Conway granite and represent residual magmatic juices. The granite 
porphyries, offshoots from the Mt. Lafayette granite porphyry, are 
found on Mt. Lafayette and Mt. Garfield. The femic dikes are intensely 
altered, and chlorite, carbonate, sericite, kaolin, magnetite, and quartz 
are the chief secondary minerals. Altered diabase dikes cut the Con- 
way granite. The most notable are those in The Flume, where three 
diabase dikes, arrange en échelon, control the location of the gorge. 
Labradorite laths form a typical ophitic network, interstitial to which is 
carbonate, chlorite, magnetite, and a little biotite and pyrite. The 
kersantites of the quadrangle are composed of tabular plagioclase (oligo- 
clase, andesine, labradorite) and biotite, and secondary minerals such as 
carbonate, chlorite, and kaolin. 


STRUCTURAL GEOLOGY 
GENERAL STATEMENT 


The structural geology of the Franconia quadrangle is concerned pri- 
marily with the size and shape of igneous bodies and their manner of 
emplacement in the crust of the earth, and only to a minor degree with 
the folds of sedimentary rocks. In solving the structural problems of the 
Franconia quadrangle the geologist must draw freely upon data obtained 
in other parts of the White Mountains, especially the Littleton and 
Moosilauke quadrangles to the west (Billings, 1937) and the Ossipee 
(Kingsley, 1931) and Belknap Mountains (Modell, 1936) to the south- 
east. 

STRUCTURE OF THE PALEOZOIC SCHISTS 

There are three discontinuous belts of schists in the Franconia quad- 
rangle: one, in the extreme northwest corner, composed of Ammonoosuc 
voleanics; a second, likewise in the northwest corner composed of the 


i 

4 


STRUCTURAL GEOLOGY 1035 


Littleton formation; and a third, which extends from the southern border 
to the northeast corner and is composed of the Littleton formation. Few 
significant data concerning their structure can be obtained in these 
schists. The schistosity and bedding are usually parallel and dip very 
steeply, which implies intense folding. Moreover, these metamorphic 
belts are extensions from the Moosilauke quadrangle, where the struc- 
tural relations are more readily solved. In that area the Ammonoosuc 
voleanics occupy the crest of an anticline, on which are superimposed 
many minor folds. In the Franconia quadrangle, however, these schists 
are more in the nature of a septum between the Scrag granite on the 
north and the Bethlehem gneiss and Priest Hill granite to the south. 
The relations are shown in section BB’ (Pl. 3). The Littleton forma- 
tion occupies a septum between the Bethlehem gneiss and the Kinsman 
quartz monzonite. It is the narrow, northeasterly termination of a wide 
belt found on Mt. Moosilauke, where the rocks are known to be thrown 
into a series of folds. The Littleton formation extending from south- 
west to northeast across the central part of the quadrangle is likewise 
a large septum; in this case, discontinuous, projecting down into in- 
trusives of various ages (Pl. 3, sections AA’, CC’, DD’, and FF’). In- 
dividual exposures indicate that the schists are strongly folded, but 
the details of the folds cannot be satisfactorily solved. 

The folding of the metamorphic rocks probably took place in the 
late Devonian Acadian revolution (Billings, 1937, p. 518). 


NEW HAMPSHIRE MAGMA SERIES 


General statement—The shapes of many of the igneous masses be- 
longing to the New Hampshire magma series are difficult to determine 
due to lack of good exposures. In general, they are concordant bodies, 
parallel to the regional structure, both in plan and in section. Some are 
strongly foliated; others are weakly foliated; still others are massive. 


Bethlehem gneiss—The Bethlehem gneiss is the northeasterly termina- 
tion of a long, narrow body that may be traced for at least 60 miles to 
the southwest, but is seldom more than 3 miles wide. In the Moosilauke 
quadrangle (Billings, 1937, p. 536), it is concordant with the regional 
structure, and its contacts are steep. It is shaped, therefore, like a 
gigantic sill, with the foliation parallel to the walls. It is believed to have 
been intruded in the last stages of the folding. 


Kinsman quartz monzonite—The Kinsman quartz monzonite exposed 
in the Franconia quadrangle is part of a much larger body that extends 
southward into the Moosilauke (Billings, 1937, p. 538), Rumney (Page, 
1937), and Plymouth (Moke, in preparation) quadrangles. The north- 
western border strikes northeast, and observations in the Moosilauke 
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quadrangle indicate that it dips between 60° NW and vertical. The 
southeastern contact has not been directly observed anywhere. The 
foliation in the Kinsman near the contact, however, strikes north-north- 
east and has a vertical dip. Experience in the Moosilauke quadrangle 
shows that the foliation is parallel to the contacts. The southeastern 
contact of the Kinsman in the Franconia quadrangle, therefore, is be- 
lieved to be essentially vertical. The body as a whole is apparently 
shaped like a gigantic sill or lens, dipping either vertically or steeply 
northwest. It is believed to have been intruded during the last stages 
of the folding, making room for itself by pushing the adjacent sediments 


aside or up. 


Other intrusives of the New Hampshire magma series.—The contacts 
of the Priest Hill granite are nowhere exposed. It shows a fair foliation, 
however, which strikes northeast and dips 75° NW. Analogy with the 
Bethlehem gneiss suggests that it is probably a sill-like mass. 

The Bickford granite has sharp, but irregular, contacts. The manner 
of representation adopted on the geological map may give the reader the 
wrong impression as to the shape of the bodies. The pattern is used to 
show areas where the Bickford granite is abundant, and there are 
numerous irregular bodies within each area represented. The older 
rocks were apparently broken by irregular fractures, which were filled 
by the Bickford granite. 

The Franconia breccia is the result of the shattering of the Kinsman 
quartz monzonite by some unknown process, and the filling of the frac- 
tures with a granite very similar to the Bickford. 

The contacts of the Scrag granite are not exposed, and the details of 
the shape, size, and origin of this body must await field work in the 


Whitefield quadrangle. 


WHITE MOUNTAIN MAGMA SERIES 

General statement.—The intrusives of the White Mountain magma 
series have very different shapes from those of the New Hampshire 
magma series. They are cross-cutting instead of concordant, and some, 
at least, are ring-dikes; the rocks, moreover, are not foliated. As will 
be shown later, their mode of emplacement was also different. As the 
diorite, quartz diorite, and syenite are all small bodies, poorly exposed, 
they will not be considered here. 

Mt. Garfield ring-dike—The key to the structure of the White 
Mountain magma series in the Franconia quadrangle is the arcuate body 
of Mt. Garfield porphyritic quartz syenite. This body is 13 miles long, 
varies in width from a quarter of a mile to one mile, and forms approxi- 
mately 100 degrees of arc. The contacts have been observed in several 
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places. In Haystack Brook, at an altitude of 2500 feet, a narrow belt 
of Kinsman quartz monzonite, too small to show on the accompanying 
geological map, lies between Conway granite and Mt. Garfield quartz 
syenite. The contact between the Mt. Garfield and the Kinsman is well 
exposed and is vertical. A similar situation exists at 2,980 feet, on a 
“slide” in the valley due north of the summit of North Twin Mountain. 
In addition, on the northeast flank of Mt. Lincoln, at 5020 feet, the con- 
tact between the Mt. Garfield porphyritic quartz syenite and the Mt. 
Lafayette granite porphyry is exposed for about 20 feet vertically, and is 
essentially vertical. In the vicinity of Mt. Garfield, although no vertical 
exposures showing the dip of the contact have been seen, the manner 
in which the trace of the contact disregards topography indicates that 
the dip is steep. This is also true where the body crosses the Little 
River. This intrusive is shown in sections AA’, CC’, DD’, and EE’ of 
Plate 3. 

The dike-like shape of the body of Mt. Garfield porphyritic quartz 
syenite, cutting across several formations as it does, indicates that it must 
have been intruded along some fracture or fracture system. By defini- 
tion, a long, relatively narrow, arcuate igneous body with steep contacts, 
following a fracture system, is a ring-dike. The precise mechanics of in- 
trusion will be considered on a later page. 


Franconia Ridge ring-dike—The body of resistant granite porphyry 
which holds up Franconia Ridge is a dike-like mass, trending north-south, 
nearly 7 miles long and from an eighth to half a mile wide. Although the 
exact contact was nowhere observed, the manner in which the trace of 
the contact disregards topography shows that the dip must be steep. On 
the west slope of Franconia Ridge the western contact crosses valleys 
1000 feet deep without changing its trend. Also, where the body swings 
northeasterly from Mt. Lafayette, it is unaffected by topography. Al- 
though this mass is nearly straight in ground plan, it is clearly part of a 
great arcuate system, as will be shown later, and is, therefore, a ring- 
dike. It is shown on section CC’, DD’, and EE’ of Plate 3. 


Mt. Guyot stock—The great mass of Mt. Lafayette granite porphyry 
which extends from Mt. Hale to Mt. Flume may be described as a stock. 
On the southeast it is cut out by younger intrusives, but on the north- 
west it is largely in contact with older rocks. This contact must be 
relatively steep, for between Lincoln Brook and Franconia Branch it 
extends over a ridge nearly 2000 feet high without changing its trend. 
This body is pictured, therefore, as a mass which extends some distance 
down into the crust. 
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Scar Ridge body.—The arcuate mass of Mt. Osceola granite which 
extends for 11 miles, from Greeley Ponds to Birch Island Brook, may be 
a ring-dike. The only contact that was actually observed, just north- 
east of Loon Pond, where the adjacent rock belongs to the Littleton 
formation, is vertical. It has already been pointed out that the contact 
with the Conway granite is vague and indefinite. If the body of Osceola 
granite is believed never to have been much more extensive in plan than 
it now is, and if it filled a fracture or fracture system, it may be con- 
sidered a ring-dike. If, however, one believes that the Mt. Osceola 
granite once occupied all the southeastern corner of the quadrangle and 
was later removed by the intrusion of the Conway granite, then the Scar 
Ridge body should be more properly considered to be the remnant of a 
stock. This body is shown in section FF’ of Plate 3. 


Stocks of Conway granite—Only three of the bodies of Conway 
granite need be considered here—the Profile Mountain stock, the Flume 
stock, and the Mt. Hitchcock stock. The Profile Mountain stock is 
oval in shape, approximately 4 miles long in a north-northwesterly direc- 
tion and 21% miles wide. That the contact is essentially vertical is 
demonstrated by the manner in which it disregards topography. Just 
east of Franconia Notch the contact crosses a ridge 1600 feet high, 
without any obvious deviation. Likewise, the contact crosses the 
Cannon Balls, climbing 1000 feet on the south slope and 2000 feet on 
the north, yet there is little change in its trend. 

The Flume stock is really made up of two structural elements—a roughly 
circular stock which centers about The Flume and is about 214 miles in 
diameter, and a long, dike-like arm, which extends 314 miles south to 
Loon Pond. These contacts likewise must be steep, for they are not 
affected by topography. The contact with the Littleton formation cross- 
ing the East Branch is particularly significant, for it can be traced with 
fair precision and does not differ in trend on opposite sides of the valley. 

No data are available on the nature of the contacts of the Mt. Hitch- 
cock stock. 


Interpretation of the structures——The interpretation of the structures 
just described is apparent to one familiar with the geology of the Ossipee 
Mountains (Kingsley, 1931), Belknap Mountains (Modell, 1936) and 
the North Conway quadrangle (Billings, 1928). It has been shown in 
these districts that the Moat volcanics are preserved in a subsided area, 
all of which lies within a ring-dike of Mt. Garfield (Albany) porphyritic 
quartz syenite. Precisely the same relations are shown in the vicinity of 
Mt. Hale. Section AA’ of Plate 3 shows these relations admirably. At 
the north end is a younger body of Conway granite. South of this is 


4 
i 
Kabhi ; 
4 
i 
; 


STRUCTURAL GEOLOGY 1039 


the ring-dike of Mt. Garfield porphyritic quartz syenite, and south of 
this the Littleton formation. Overlying the schists unconformably are 
the Moat volcanics, dipping southeast at an angle of 42 degrees. They, 
in turn, are cut off by the Mt. Lafayette granite porphyry. 

The sequence of events was as follows: After the Littleton formation 
had been folded (Fig. 2, stage 2) and the New Hampshire magma series 
intruded (Fig. 2, stage 3) a period of erosion ensued, and many thousands 
of feet of rock were removed (Fig. 2, stage 4). Then volcanoes erupted, 
and the Moat volcanics were deposited (Fig. 2, stage 5). This was followed 
by the intrusion of the Mt. Lafayette granite porphyry, accompanied by 
some subsidence (Fig. 2, stage 6). In some places a single fracture or 
fracture system was utilized by the intruding magma, producing a great 
dike-like body such as that found on Franconia Ridge. Elsewhere, large 
bodies of the Moat volcanics and older rocks were engulfed and com- 
pletely replaced by the Mt. Lafayette granite porphyry, particularly in 
the large area extending northeast from Mt. Flume to Mt. Hale. The 
areas of Moat volcanics on North Twin and Owls Head are isolated blocks 
that were completely surrounded by the rising magma. 

In stage 7 (Fig. 2) the greatest subsidence took place. The main frac- 
ture or fracture zone was probably continuous, extending from South 
Sugarloaf through Mt. Garfield, Hardwood Ridge, Scar Ridge, Mt. Osceola, 
and completing the circle in the Crawford Notch quadrangle. This frac- 
ture was roughly circular or oval in plan, with a north-south diameter 
of 12 to 14 miles and an essentially vertical dip. Its center was a short 
distance east of the east end of section DD’ of Plate 3. Contemporaneous 
with or shortly after the subsidence—more likely the latter—the Mt. Gar- 
field porphyritic quartz syenite rose up along the fracture or fracture zone 
and consolidated to form the Mt. Garfield ring-dike. The failure of the 
ring-dike to appear south of Hardwood Ridge is probably due to its re- 
moval by the intrusion of younger granites, but there is also the possibility 
that it never formed there. 

Finally, in stage 8, the Mt. Osceola and Conway granites rose up into 
the crust. As indicated on a previous page, if the present plan of the body 
of Mt. Osceola granite is essentially the same as its original shape, it may 
well be a ring-dike following the general fracture system previously util- 
ized by the Mt. Garfield quartz syenite. The large body of Conway 
granite extending south from Big Coolidge Mountain to Loon Pond also 
has an arcuate shape, suggesting that it was controlled by the same gen- 
eral fracture system. The manner of emplacement of the stocks of Con- 
way granite will be considered later. 

The shapes of such bodies as the Mt. Garfield ring-dike, the Franconia 
Ridge ring-dike, the arm of Conway granite extending south from Big 
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Coolidge Mountain, and perhaps the Scar Ridge body of Mt. Osceola gran- 
ite are controlled by a circular fracture system. But the details of how 
the space now occupied by the igneous rocks was made has not been con- 
sidered. The British geologists are inclined to think that the walls of the 
subsiding block dip outward (Bailey, et al., 1924), and, as it sinks, a poten- 
tial cavity is left between the wall and the sides of the block. This poten- 
tial cavity is filled with magma as rapidly as it sinks. The evidence in 
‘the White Mountains indicates, in general, that the contacts of the ring- 
dikes—and hence the original fractures—are essentially vertical, although 
a few exceptions have been noted. Subsidence along a vertical fracture 
would not open up any potential cavity between the walls and the sides 
of the block. It is believed, therefore, that, although arcuate and circular 
fractures controlled the location of the intrusions, the actual space was 
made by piecemeal stoping—that is, the ripping out, piece by piece, of 
small blocks by the rising magma. These blocks may have sunk in the 
magma, to be dissolved or melted at depth, or they may have been carried 
upward by the rising magma. The irregularities in the ring-dikes of cen- 
tral New Hampshire are most readily explained by this hypothesis. 

Several alternate hypotheses might be suggested to explain the stocks 
of Conway granite. (1) They may have forced their way in and pushed 
aside the older rocks. (2) A great cylindrical block may have sunk and 
magma filled the space le‘t between the roof of the potential cavity and 
the top of the subsiding block. (3) The Conway granite may have “eaten” 
its way upward by piecemeal stoping. 

Although the evidence in this area is not as clear as one might wish, the 
available data militate against the first hypothesis. For one thing, the 
existence of ring-dikes shows that the crust yielded by rupture rather 
than by flowage. It is very difficult to believe that the country rock was 
sufficiently plastic at that particular stage in the geological history to 
permit forceful injection. Moreover, the older rocks, such as the Littleton 
formation and the Kinsman quartz monzonite, do not appear to have been 
forced apart by the intrusion of the Conway granite. For example, as 
shown on the geological map (PI. 1), the foliation of the Kinsman quartz 
monzonite does not appear to wrap around the Profile Mountain stock, 
but, rather, is cut off cleanly. Moreover, the contact between the Kins- 
man quartz monzonite and the Littleton formation extends northeasterly 
from North Woodstock through Lincoln and just east of Little Coolidge 
Mountain. For 2 miles northeast of Little Coolidge Mountain it is cut 
out by younger intrusives.. It appears, however, between Mt. Liberty and 
Mt. Flume and continues many miles to the northeast. Inspection of the 
geology (Pl. 3) within a radius of 2 miles of Hardwood Ridge suggests 
that the younger White Mountain intrusives have cut out the older rocks, 
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somewhat as a biscuit-cutter would chop out patterns that might appear 
on a sheet of dough. These facts indicate, therefore, that the Conway 
granite came in by either the second or the third method suggested—or 
some combination of the two—but at present there is little to choose 


between them. 
SUMMARY AND CONCLUSIONS 


The rocks of the Franconia quadrangle belong to three major groups: 
(1) highly metamorphosed sediments and volcanics of Ordovician (?) 
and Devonian age; (2) the subalkaline New Hampshire magma series, 
probably late Devonian; (3) the alkaline White Mountain magma series, 
probably Mississippian. 

The folding of the metamorphic rocks probably took place during the 
late Devonian Acadian revolution. 

The Moat volcanics, the extrusive phase of the White Mountain magma 
series, rest unconformably on the metamorphic rocks and the New Hamp- 
shire magma series. 

In the New Hampshire magma series, biotite is the only primary ferro- 
magnesian mineral present in any quantity; muscovite, moreover, is a 
rather characteristic mineral. In the White Mountain magma series, 
such ferromagnesian minerals as fayalite, hastingsite, and hedenbergite 
are common; biotite, although present, is not relatively so important as 
it is in the New Hampshire magma series. Fluorite and allanite are char- 
acteristic accessories, but muscovite is absent. 

The New Hampshire series is in part syntectonic. Many of the members 
are injected masses, which forced aside the adjacent sediments during the 
later stages of an orogenic period. This is notably true of the Bethlehem 
gneiss and Kinsman quartz monzonite. The Bickford granite, intruded 
somewhat later than these two, filled irregular fractures. The White 
Mountain magma series is post-tectonic, and was intruded long after the 
orogenic period. The various members form ring-dikes and stocks. 
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Conway granite 
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osed of microperthite, quartz, oligoclase, and biotite; 
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Mt. Osceola granite 
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and older schists in a matrix of fine-grained, gray 
granite. Fragments are generally angular, vary in 
size from a few inches to several feet. Matrix com- 
posed of quartz, microperthite, oligoclase, orthoclase, 
and biotite) 
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~ Diorite 
( Medium-grained, dark-gray diorite, composed of 
andesine, biotite, chlorite, and pyroxene) 


Moat volcanics 
(Rhyolite, rhyolite porphyry, andesite, and rhyolite 
tuff and breccia 


UNCONFORMITY 


Scrag granite 
(Coarse to medium-grained pink granite, composed of 
potash feldspar and quartz, wth small amounts of 
oligoclase, biotite, and muscovite; very low in dark 
minerals 


Intrusive breccia 


(The “Franconia breccia”’ of Hitchcock. Consists of 


angular fragments of the Kinsman quartz monzonite 
and older schists in a matrix of fine-grained, gray 
granite. Fragments are generally angular, vary in 
size from a few inches to several feet. Matrix com- 
posed of quartz, microperthite, oligoclase, orthoclase, 
and biotite) 


Bickford granite 
(Medium-grained and porphyritic white to gray gran- 
ite, composed of quartz and orthoclase, with some 
oligoclase, microcline, biotite, and muscovite) 


Priest Hill granite 
(Fine-grained gray biotite gneiss, composed of potash 
feldspar and quartz, with some oligoclase, biotite, 
and muscovite) 


Kinsman quartz monzonite 
Medium to coarse-grained gray quartz monzonite, 
composed of quartz, oligoclase-andesine, potash feld- 
spar, biotite, and muscovite; locally there are pheno- 
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ABSTRACT 


The Monarch Valley, in Grand County, Colorado, on the western slope of the 
Front Range, was studied to determine evidence of glacial advances other than the 
two generally recognized on the eastern slope of the range. Greater extent of the 
Pleistocene ice on the western than on the eastern slope necessitated a careful review 
of criteria used in former studies. Five terminal moraines, of four ages, were found. 
Methods of correlating these moraines with polished rock surfaces and rock terraces 
were developed, and some trans-range correlations were found possible. 

The four major ice advances, called “stages” in this paper, were named, in strati- 
graphic order, Monarch, Arapaho, River, and Stillwater. The ages tentatively as- 
signed them are, respectively: Late Wisconsin, Middle Wisconsin, Early Wisconsin 
(Iowan), and not younger than Illinoian. 

Some investigation of preglacial stratigraphy and history was found desirable in 
connection with this study. Climatic inferences were drawn from recessional history ; 
the present condition of existing glaciers in the area was described; and the work 
necessary to secure a complete picture of Pleistocene glaciation in the Rocky Moun- 
tain region was mentioned. 


INTRODUCTION 


Two glacial stages have been recognized by most workers in the Colo- 
rado Front Range. In recent years, glacial evidence has been found that 
could not be reasonably explained on the basis of two stages. Increas- 
ingly detailed studies of the Silver Lake and the Albion valleys, on the 
eastern slope of the Front Range, in Boulder County, Colorado, produced 
additional evidence of two glacial stages, and more evidence that could 
not be explained by only two. It was believed by the writer, and others, 

. that the two stages, of which good evidence was found in almost every 
glaciated area studied, were not necessarily the same two stages in each 
area. 

A study of the Monarch Valley, in Grand County, Colorado, was 
undertaken to secure evidence of more than two glacial stages. During 
the progress of this study, the partial solution of several nonglacial prob- 
lems was found desirable. The findings here described were made during 
the summers of 1932-1936, inclusive; the entire summer of 1936 was spent 
in field work on this area. 
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GENERAL DESCRIPTION 


The name Monarch Valley has been applied, for use in this paper, to 
the system of valleys draining into the Colorado River through Arapaho 
Creek, and to the adjoining topographic basin near Stillwater. This area 
lies across the boundary between the Front Range and Middle Park. 

Descriptions of this area have been published by Marvine (1873) and 
Lovering (1931). Both mention glacial features; neither made detailed 
glacial studies. Marvine’s maps and physiographic descriptions were 
found very useful in this study. 

Elevations range from about 8,000 feet at the Colorado River to about 
13,500 feet at the Continental Divide. Floral and faunal types are 
normal to the latitude and altitude. Abnormally high timberlines have 
been noted in several sheltered valleys. Detailed climatic studies have 
not been made. Temperatures as high as 106° F. and lower than minus 
40° F. have been encountered in the field. Average rainfall, in the moun- 
tainous part of the area, probably does not exceed 40 inches annually, 
but the rainfall distribution is very irregular, due both to topography 
and to a complicated cycle of storms which takes place wholly within 
the valley. Snowfall averages about 10 feet annually. Snowdrifts often 
bury the trees, and drifting is an important factor in the “feeding” of 
the few existing glaciers in the area. 

The Monarch Valley may be reached by road from either Grand Lake 
or Granby, and by trail from several points on the eastern slope of the 
Front Range. From the end of the road at Monarch Lake, there are good 
Forest Service trails to an elevation of about 10,500 feet. Above this 
elevation, except at Arapaho, Buchanan, and Pawnee passes, travel is 
difficult for any except a skilled mountaineer. 

Snow conditions limit the field season in the high country (above 9,500 
feet) to the period from about June 20 to about September 15. Visibility 
in the Monarch Valley is poor throughout the summer, because of evap- 
oration haze and the valley storms. There were only four “good photo- 
graphic days” during the 1936 season. 
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STRATIGRAPHY 
PRE-CAMBRIAN 


Idaho Springs formation—The absence of a good stratigraphic de- 
scription of the Monarch Valley, or of any closely adjacent area, makes 
desirable a brief stratigraphic résumé. Exact dating of the sediments 
was impossible in the time available for this study. 

Schist, gneiss, and various intrusives of the Idaho Springs formation 
underlie the Monarch Valley and form the surface, east of the Colorado 
River, where not buried by moraines or valley fill. This formation has 
been amply described by Bastin and Hill (1917) in its type area on the 
eastern slope. 


Green Ridge pegmatite—A mass of rock, 7 miles long and more than 
a mile wide, composed largely of pegmatite, but containing inclusions of 
granite and schist, forms Green Ridge, on the west side of the Colorado 
River. This was mapped as the Green Ridge pegmatite. Mica and beryl 
are present in noticeable, but not commercial, quantities. This pegmatite 
has been intruded into the Idaho Springs schist, but is assigned a pre- 
Cambrian age because of its similarity to pre-Cambrian pegmatites de- 
scribed by Bastin and Hill (1917). 


TERTIARY 


Table Mountain formation.—Resting unconformably on the pre-Cam- 
brian are about 900 feet of interbedded sandstones, shales, and basalt 
flows. The name Table Mountain formation has been applied, for use 
in this study, to these beds. 

Marvine (1873) describes these as lake beds, and suggests that the 
lower basalt flow contained in them is younger than the oldest glacial 
deposits. This basalt flow was located, from Marvine’s description, in 
the valley of the Colorado just above Walden Hollow, and was traced to 
a point half a mile east of the Sleepy Hollow School, where it was found 
to underlie 200 feet of shale, atop which are the oldest moraines in the 
area. This indicates that the Table Mountain formation is preglacial. 

Lovering (1931) classifies these beds as Miocene, using as evidence 
fossils found by L. B. Graff. The lithologic similarity of these beds to 
the upper part of the Middle Park formation (Hayden’s “lignitic beds”, 
now classified as very late Upper Cretaceous or Paleocene), and the 
almost total lack of identifiable fossils, makes this dating open to ques- 


tion. 
PLEISTOCENE (?) 


Porphyry Peaks conglomerate—Poorly consolidated conglomeratic 
material fills the valley of Stillwater Creek to a maximum depth of about 
100 feet, from Sleepy Hollow School to Pony Park. This deposit, in 
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places nearly a mile wide, was mapped as the Porphyry Peaks conglom- 
erate. 

The conglomerate is in two layers, separated in places by cross-bedded 
sand. Most of the larger boulders are gray porphyry, derived from the 
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East of this area, only pre-Cambrian and post-Pliocene materials are present. 


AREAL GEOLOGY 


OF A PORTION OF THE MONARCH 
VALLEY. GRAND COUNTY. COLO. 


erosion of a steep-walled canyon through a porphyry dike near Pony 
Park. The top of the conglomerate is veneered with injection gneiss 
fragments, identical with those on nearby moraines, from which they were 
probably washed. 

Using rock weathering as a criterion, the conglomerate is about the 
same age as the oldest moraines; but, as the oldest moraines of the Grand 
Lake - Phantom Valley system of glaciers (contemporaneous with the 
oldest moraines of the Monarch Valley system) overlap it from the 
north, the Porphyry Peaks conglomerate must be slightly older. 


PLEISTOCENE 

Glacial materials —Five sets of moraines were found in the Monarch 

Valley. The total volume of morainal material present in the valley is 
considerably more than half a cubic mile. 


Postglacial materials —Valley-fill, talus, rock-fall, and landslide ma- 
terials are present. Organic deposits, mixed with fine alluvium, occupy 
the “wet meadows” in lower Arapaho Creek valley. Extensive peat beds 
fill or partly fill many of the basins in the higher valleys. 
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SUMMARY OF PREGLACIAL HISTORY 


Local evidence for the determination of the pre-Tertiary geologic his- 
tory of the Monarch Valley is lacking. The pre-Cambrian history, so 
far as it has been worked out (for the Front Range area) is described 
by Bastin and Hill (1917). Late Paleozoic and Mesozoic history is 
amply described by Heaton (1933). 

Some time after the Laramide Revolution, the Table Mountain forma- 
tion was deposited on the irregular surface of the pre-Cambrian. Sedi- 
ments, where the particles are identifiable, were derived from the erosion 
of the Front Range. The source of the lavas has not been definitely 
determined, but was probably to the west, as the flows thicken slightly 
in that direction. Chert and fine sand atop the lava cap of Table Moun- 
tain suggest that the Table Mountain formation was formerly thicker 
than at present. 

Some time after the outpouring of the upper lava, faulting to the north 
and southwest isolated Table Mountain. The channels of Willow and 
Stillwater creeks are partly determined by these faults. The Colorado 
River established its preglacial channel at or near the contact of the 
lavas with the metamorphic rocks, eroding this channel through the 
relatively soft Table Mountain material and deep into the pre-Cambrian 
basement. Stillwater Creek, on reaching the Green Ridge pegmatite, 
likewise eroded a deep channel into hard materials. Subsequent erosion 
removed a considerable thickness of the Table Mountain sediments, 
creating the condition of river valleys deeply eroded into hard rock, 
when, only a few thousand feet away, and below the rims of the present 
canyons, are low gaps in relatively soft material. 


GLACIAL HISTORY 
GENERAL STATEMENT 


The record of events leading up to the first glacial advance found in 
this study has been largely removed by glacial and other erosion. The 
Porphyry Peaks conglomerate is the only deposit that can be classified 
as late preglacial. 

A few rock terraces high on the walls of the East Fork are faintly 
suggestive of old (pre-Stillwater) glaciations, but, because of their small 
areal extent and the great amount of erosion which they have undergone, 
their value as evidence of anything is doubtful. However, lack of evi- 
dence of pre-Stillwater glaciations does not in any way imply that such 
glaciations may not have taken place. 

Glacial action is responsible for most of the present topography in the 
Monarch Valley and vicinity, and the records of this action are volu- 
minous and fairly clear. Marvine (1873) comments on the great mass 
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of morainal material in this valley, hints at more than one age for the 
glacial materials, but makes no definite age divisions. 

Moraines of four ages, found in this study, will be attributed to gla- 
cial “stages”, carrying local names, pending the discovery of evidence 
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Ficure 3.—Terminal moraines 


which will justify more definite dating. Tentative dating will be given 
under the heading “Correlations”. 


CRITERIA 


General statement—Determination of the sequence of glacial events 
in the Monarch Valley was found slightly more difficult than is usual 
in Front Range glacial valleys, due to the surfeit of evidence and the 
relatively great areal extent of the former system of glaciers. Rugged- 
ness of topography, extreme contrasts of rainfall and temperature, and 
discontinuity of moraines and polished surfaces complicated the work, 
making necessary a thorough review of the criteria used in determin- 
ing the sequences of events in other glaciated valleys. A brief discussion 
of the criteria used in this study, and their limitations, is here given. 


Erratics—Erratics, useful as indicators of possible glaciation during 
a preliminary survey, are plentiful in the Monarch Valley. These are, 
in general, derived from a multiply-intruded igneous area. The source 
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of much of the morainal material was determined from a lithologic com- 
parison of erratics on moraines with dikes in the high valleys. Badly 
weathered erratics resemble residual boulders so closely that their value 
as glacial evidence is slight unless they are definitely foreign to the area 
in which they are found. 


Topographic position—In a glaciated valley, where each ice advance 
follows almost exactly the path of its predecessor, the most recent ma- 
terial will be found toward the center of the valley, and surviving older 
materials will be farther out. An exception to this is found where young 
moraines have ridden over parts of older moraines, burying the over- 
ridden parts, which may later be uncovered by erosion. Two such over- 
ridings were noted in the Monarch Valley. 

It is realized that in a glaciated valley, evidence of an early glaciation, 
of little areal extent, may be completely obliterated by a later glacia- 
tion, of greater extent, unless the later, larger ice mass followed a dif- 
ferent course from its smaller predecessor. 


Weathering, compaction, and erosion—The cumulated effects of 
weathering, compaction, and erosion are greater on an old deposit than 
on a young one, all other things being equal. In applying these three 
related criteria to determine a valid sequence or identity, observations 
must be made in localities where other factors, such as rainfall, period 
of snow-burial, and temperature variations, are similar for all speci- 
mens used as evidence. 

Thus, the surfaces of two specimens of comparable rock, both weath- 
ered to the same degree, may reasonably be assumed to be of the same 
age if they were found where rainfall and other factors are the same. 
If, however, one specimen came from the floor of a cirque at an elevation 
of 12,000 feet, and the other was found on a terminal moraine, 15 miles 
distant, at an elevation of 8,000 feet, the two surfaces are not neces- 
sarily of the same age, and might very well date from separate glacial 
advances. The other factors, in this second case, are not the same. 

Compaction of moraines is a comparison factor of secondary value; 
useful, if at all, only in very closely adjacent moraines. The surface 
compaction of a morainal deposit, unless it is dry throughout the frost 
season, is more nearly a function of fragment size and water supply than 
of age. 

Erosion, leading to gully formation in moraines, is not, of itself, an 
indicator of age. Comparative depth of gullying, in closely adjacent mo- 
raines, of nearly equal heights and gradients, is suggestive of the relative 
ages of the moraines concerned, provided they are exposed to the same 
amount of rainfall. 
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In the application of these three related criteria—weathering, com- 
paction, and erosion—it is assumed that where rainfall, period of snow- 
burial, and temperature variations are now the same, they have been 
substantially the same during the period under consideration. 

In the absence of more-reliable 
weather data, similar vegetation, 
spacing, and growth, on comparable 

2 | soils and slopes have been used as evi- 
Tats dence of similar climatic conditions. 


Rock terraces—Glacially polished 
rock terraces are present in all the 
major valleys near the crest of the 
Front Range. Usually there are sev- 
eral such terraces in each valley. In- 
spection of the less deeply weathered 
of these terraces discloses that they 
have been cut out of the valley walls 
by ice erosion, and that the polish on the lower slope of the terrace is 
younger than that on the “tread” and upper slope (Fig. 4). 

Symmetrically arranged on either side of the valley’s center and iden- 
tical with the valley-wall configuration that would be produced if one 
U-shaped valley were cut in the floor of another, these terraces are 
believed to be remnants of valley floors on which ice of earlier glacial 
stages travelled. 

More resistant to erosion than moraines, and causing breaks in talus 
slopes because of their shelflike configuration, these terraces are useful 
in correlating polished surfaces in quite widely separated parts of a 
valley system. 


Polished surfaces——Rock surfaces, polished by ice and striated by ice- 
borne rock, are common features of glaciated valleys. In the Monarch 
Valley there are several square miles of surfaces retaining some degree 
of polish. If it is assumed that these surfaces were all polished to about 
the same smoothness by the ice, and if they are on comparable rock, 
and have been exposed to comparable weathering, then a rough age se- 
quence may be determined for them, on the basis of the amount of 
polish still remaining. Very roughly, the age of a rock surface will 
bear an inverse relation to the amount of polish still remaining, all other 
factors being equal. This relation is probably not a simple one, and 
becomes worthless if the entire polished surface has been weathered 
away. After a new surface has been created by weathering, its con- 
figuration may be used as evidence of glacial action, but relative ages 
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Ficure 4.—Rock terrace section 
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of such surfaces cannot be told by comparison of the degree of destruc- 
tion of their original ice-polish. 

Because of the tendency of a mountain glacier to move in a straight 
line, to cut away laterally resisting rock, and to deposit moraines where 
lateral resistance is slight, the down-valley extensions of polished sur- 
faces usually coincide almost ex- 
actly with the inner slopes of 
moraines. 

Where inner morainal slope 5K 
and surface-extension coincide, 
the age identity of the two gla- 
cial features, moraine and pol- 
ished surface, may be verified 
by comparison of the polish on 
the rock surface with that on 
morainal boulders. An added correlation, of doubtful value as pri- 
mary evidence, but useful as a check, is the near-coincidence of the 
up-valley extension of the morainal crest line with the upper limit of the 
polished rock surface (Fig. 5). 

Different degrees of weathering of polished surfaces will only be de- 
tectable if the age difference of the surfaces being compared is consider- 
able. Although a rigorous mathematical consideration of the problem 
is not justified by the nature of the evidence used, a few figures may 
serve to illustrate the limitations. It is probable that in a series of 
polished surfaces where the age ratios are of the order of 10-20-40-80-, 
a valid sequence of surfaces can be determined by inspection, provided 
the original polish has not been totally removed from any surface. If, 
however, the age ratios should be of the order of 10-11-12-13-, it is 
hardly probable that the slight differences in remaining polish could be 
detected by optical inspection, or any other field test. Also, in a sequence 
having age ratios of the order of 10-20-21-40-80-, the second and third 
ages would undoubtedly be declared the same, the relatively slight dif- 
ference being too small to be detected in the field. Thus, subdivisions 
of an older glacial stage probably cannot be detected in the field by 
comparison of polished surfaces. More accurate methods of determining 
the condition of weathered polished surfaces, perhaps based on a meas- 
urement of the reflecting power of the surface, may slightly increase the 
value of weathered surface comparisons, but any attempt, by this method, 
at differentiating surfaces whose age ratios are of the order of 20-21-22- 
will tend to produce results of little value, because the weathering of a 
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single polished surface, within a few square yards, varies to at least 
as much as great a degree. 
STILLWATER GLACIAL STAGE 


The outer series of moraines in the Monarch Valley, mapped as Mo- 
raine One (Fig. 3, Pl. 2), have been attributed to the Stillwater Stage. 
From Monarch to the Colorado River, on the north side of the valley, they 
form a prominent ridge, having a miximum height above the present 
valley floor of 900 feet. East of Monarch, on the north wall of the val- 
ley, is a polished surface, an up-valley extension of the inner surface of 
the moraine, which “tops out” at a point 3 miles west of the continental 
divide, suggesting that a large mass of ice—possibly an ice cap, although 
clear evidence of it is lacking—occupying the area near the crest of the 
range, was the source of the Stillwater ice. 

Moraines of Stillwater age plugged the preglacial canyon of the Colo- 
rado at South Gap with a mass of morainal material a mile long, half 
a mile wide, and several hundred feet thick. At the same time, the north 
lateral moraine dammed the river, forcing it to adopt a new channel 
from a point 114 miles north of Lehman to the flats just south of Sleepy 
Hollow School, where it took over the valley of Stillwater Creek, re- 
entering its old canyon southwest of Walden Hollow. This is approxi- 
mately the present course of the Colorado. 

There is no evidence that any great lake formed behind the north 
lateral moraine during Stillwater time, nor is there any good reason for 
believing that a lake of any size existed, for during that time the river 
was dammed every few miles by glaciers. 

From South Gap east to Monarch, along the south wall of the valley, 
the Stillwater moraines form a high ridge, which has dammed several 
preglacial valleys in the ancient valley wall. Behind the moraines, in 
several places, are flats, the remnants of these old moraine-dammed 
valleys. South of Monarch, the crest of the moraine coincides with the 
valley rim, and the ice path becomes indefinite. Topographic features 
of the Strawberry Lake region suggest that it was glaciated, and it is a 
logical area for the Stillwater ice to travel across, but other evidence 
of glaciation near Strawberry Lake is decidedly nebulous, and the south- 
ern limit of the ice, east of Monarch, is best classified as uncertain. 

Moraines of Stillwater age, lying wholly within the semi-arid climatic 
zone, have been weathered until boulders of schistose material have been 
greatly fragmented by frost action, and the phenocrysts of porphyritic 
morainal boulders are in visible relief. The moraines are well compacted 
and have been slightly gullied by intermittent streams. A part of the 
terminal has been removed by river erosion, and it is probable that an- 
other part was lost in filling the preglacial channel of the Colorado. 
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Ficure 1. Farr GLacier 
At the head of Cascade Creek, near Crater Lake. Fed by snow blown into its cirque during the winter 
from Wheeler Basin, Fair Glacier is the only large existing glacier in the Monarch Valley. Below the 
ice sheet is a moraine closely resembling rock glaciers described by Howe, Capps, and Gould. The 
lake below the moraine—rock glacier is colored pea-green by suspended rock particles. This com- 
posite photograph, taken in three sections from the summit of Lindbergh Peak (12,600 feet) includes 
a vertical distance of about 2500 feet. 


Ficure 2. Moraine ONE—T ance MOUNTAIN FORMATION RELATIONS 
Moraine One lies atop ridge of Table Mountain formation (Ttm) across river. Younger moraines are 
at river level on near side. 


GLACIER AND MORAINES 
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The steplike character of the outer edges of the north lateral suggests 
variations in the rate of morainal deposition during Stillwater time, 
but does not furnish evidence justifying subdivision of the Stillwater 
Stage. 

The major polished surface correlated with the outer moraines, ex- 
tending from some distance west of the Continental Divide to its junc- 
tion with the moraine north of Monarch, has been weathered, near this 
junction, until nearly all of the original polish is gone. 


STILLWATER—RIVER INTERGLACIAL 


Erosion of the present valley of the Colorado into the Green Ridge 
pegmatite to depths of from 150 to 250 feet, between the deposition of 
Stillwater moraines and those of the next younger (River) stage, is 
strongly suggestive of a rather long continued interglacial interval. 

Moraines of the Stillwater stage are found resting on bedrock, 150 
to 250 feet above river level on both sides of the present channel; 
whereas moraines of the River stage are within a few feet of river level 
(Pl. 2, fig. 2). 

At no place within the area studied is the Colorado River running on 
bedrock, although the channel is deeply cut into it. This suggests that 
at some time since the Stillwater glaciation the river channel was deeper 
than at present, and has been partially filled. 

Evidence of some erosion of morainal materials and Table Mountain 
shales during this interglacial period is furnished by a river terrace on 
the east bank, composed of intermixed morainal boulders and reworked 
Table Mountain shales and gravels. The presence of boulders under 
the surface of this terrace was detected by “sounding” it with the steel- 
shod handle of an ice axe. 


RIVER GLACIAL STAGE 


After the Colorado was well established in its new channel, glacial 
ice again descended the valley of Arapaho Creek, depositing a single 
morainal ridge inside each lateral of the Stillwater Stage, and building 
a terminal across the valley mouth, largely on the east bank of the 
river. This was mapped as Moraine Two (Fig. 3, Pl. 1), and the ice 
advance building it named the River Stage. 

The source of the ice was the cirques, near the Continental Divide, at 
the heads of the present tributary valleys. Polished surfaces related 
to the River Stage, lying just below the terrace at the bottom of the 
Stillwater polish, may be rather easily traced to within a few thousand 
feet of the Continental Divide, where they can be found a few feet below 
the rims of the present cirques. In Wheeler Basin, the polished surfaces, 
at that altitude lacking polish, but retaining the general trend of the 
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surface, are especially prominent, and the surface, topped at the cirque 
mouth by a terrace, can be followed around most of the cirque wall. 

Moraine Two has overridden the terrace composed partly of Moraine 
One materials on the east side of the river, burying the north end of 
the terrace near the mouth of Arapaho Creek. Some of the material in 
Moraine Two seems to have been derived from the glacial erosion of 
Moraine One. The ice and moraines of the River Stage dammed the 
Colorado for a short time, and some morainal material of this age was 
deposited in the Colorado Valley on the northwest side of the river, op- 
posite Arapaho Creek. Gravel flats, 1144 miles upstream from the creek 
mouth, may have been deposited in the relatively small lake impounded 
by this temporary dam. 

Surfaces of erratics on moraines of the River Stage are weathered 
appreciably, but not as deeply as those associated with Stillwater mo- 
raines at comparable locations. Few schistose erratics have been badly 
fragmented by frost action: none of the porphyries has become “bumpy” 
or pitted through differential erosion of matrix and phenocryst. No 
sizable gullies are present on moraines of River age. Lichen growth 
is well established on these moraines where sufficient moisture is present. 

A comparison of the amounts of material still remaining in the mo- 
raines of Stillwater and River ages suggests that the topographic effect 
of the River Stage was considerably less than that of its predecessor. 
The ratio of morainal volumes may lie anywhere between 5—1 and 2—1; 
no more exact figure can be given until more is learned about the topo- 
graphic features buried by Moraine One. 

POST-RIVER INTERGLACIALS 

Evidence of interglacial intervals younger than the River Stage is 
given by the presence of morainally filled gullies in polished rock sur- 
faces and other moraines, and by hanging glaciated valleys. Exact dat- 
ing of this evidence, mostly concentrated on the south wall of the valley, 
between Monarch and the head of Monarch Lake, was found impossible 
because of slides, slumps, and intense erosion by rainfall. A retreat of 
the ice after each stage, to a position just east of Monarch, is reason- 
ably certain from morainal evidence, but good evidence of the complete 
disappearance of the ice after the River and Arapaho stages was not 
found in the Monarch Valley. 

Good evidence of an Arapaho-Monarch interglacial interval, with an 
ice recession to a point less than 2500 feet from the Continental Divide, 
was found on the eastern slope of the range, in the Ice Lake valley, trib- 
utary to the Silver Lake valley, and directly east of Wheeler Basin 
(Fig. 1), where polished surfaces of Arapaho age have been cut through 
by ice of the Monarch Stage, and a new set of quite fresh striae have 
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been cut into the older surfaces. The location of both Wheeler Basin 
and Ice Lake valley at comparable altitudes, and in the zone of “two 
o’clock rains”, aids in making this correlation, as does the presence of 
identical injection gneisses in both valleys. 


ARAPAHO GLACIAL STAGE 


Two sets of moraines, deposited inside of Moraine Two, were mapped 
as Moraine Three and Moraine Four (Fig. 3, Pl. 1). Although the two 
terminals are topographically distinct, the laterals merge half a mile 
east of the inner terminal. Weathering has progressed to the same de- 
gree on the surfaces of erratics on both moraines, and no age difference 
was detected by other criteria. Although two polished surfaces, sepa- 
rated by a small rock terrace, can be correlated with the two moraines, 
the condition of the polish on both surfaces is identical. Moraine Four, 
and its accompanying polished surfaces, is attributed to a long-lived 
slight recession of the ice that deposited Moraine Three, and the two 
sets of moraines attributed to one glacial stage, called the Arapaho 
Glacial Stage. It is fully realized that a recession of the ice after the 
deposition of Moraine Three, and a readvance to form Moraine Four, 
occurring within a short period, such as, for example, two thousand 
years, would leave no evidence detectable by the methods used in this 
study. 

Between the two terminal moraines of the Arapaho Stage is a “wet 
meadow”, watered by seepage from behind Moraine Four. This ap- 
pears to be a filled lake. Lack of recessional material between the in- 
side (east) edge of Moraine Four and the outside (west) edge of Moraine 
Five suggests a rapid recession of the Arapaho ice. Moraine Three 
has overridden Moraine Two northwest of Lehman, creating a small 
loop in the valley between moraines One and Two. This loop has been 
filled by surface wash since its deposition. After the recession of the 
Arapaho ice, filling to an undetermined, but considerable, depth has 
taken place in the western end of the valley. 

The Arapaho moraines are definitely younger than the River mo- 
raines, by all criteria, but the River-Arapaho interval was not nearly 
as long as the Stillwater-River interval. The volume of the Arapaho 
moraines is roughly the same as that of the River moraines, and the 
amount of material removed from the high country by each stage of 
glaciation is approximately the same. 

Polished granitic surfaces of Arapaho age are smooth, but the striae 
in them have been weathered until they cannot be seen by the unaided 
eye. They can, however, be “restored” temporarily by throwing water 
on them, and then viewing the surface obliquely before it dries. Rub- 
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bing polished surfaces of this age gently will also give clues to the 
presence of striae. 
MONARCH GLACIAL STAGE 


Five miles up the valley from the mouth of Arapaho Creek, and 41% 
miles from the inside edge of Moraine Four, is another series of mo- 
raines, mapped as Moraine Five (Fig. 3). These were built by a rela- 
tively small ice advance, the polished surfaces correlated with it ex- 
tending only a few feet above the valley floor, and the moraines being 
nowhere more than 60 feet high. These moraines were attributed to a 
separate glacial advance, because of the relative freshness of the pol- 
ished surfaces associated with it, and the advance was named the Mon- 
arch Glacial Stage. 

In upper Arapaho Creek (east of Monarch Lake) the ice mass was 
too small to fill the valley, and carved a narrow channel in the old 
(Arapaho age) valley floor. Behind the small, dissected Monarch mo- 
raine, for a distance of more than 2 miles, to a point east of Monarch 
Lake, a mass of glacial debris is distributed without any seeming ar- 
rangement, in piles of from two to fifty tons. Above this, to a point 
within about a mile of the cirque headwalls, the valleys are largely free of 
glacial deposits. This suggests that the ice, after building the Monarch 
terminal, stagnated in the vicinity of Monarch Lake, and carried very 
little material during the closing phases of the stage. 

The older moraines in the Monarch Valley contain about one-fifth 
as much material as was excavated by the ice that built them. The 
moraines and other deposits of Monarch age contain almost as much 
material as was cut out of the rock by Monarch ice, yet a large amount 
of excavated material must have been carried away as water-borne 
silts. It is suggested that much of the deposit of Monarch age was not 
newly eroded from bedrock, but consists of the “sweepings of the valley” 
—pre-Monarch talus and rock falls, with perhaps a small amount of 
older morainal material, carried to the melting basin by the relatively 
feeble and short-lived Monarch glaciers. 

The decidedly humid climate at Monarch, resulting from the local 
cycle of storms, makes relative age determinations by degree of weath- 
ering practically impossible. Many schistose erratics on the Monarch 
terminal are badly shattered by frost; some of the granites are con- 
siderably disintegrated; the prophyritic erratics are still smooth, but 
have a “soapy” feel. Comparison of polished surfaces related to the 
Monarch glaciation with those of other ages must be done in the valleys 
a mile or more east of the head of Monarch Lake, where disintegration 
is less, due to better drainage and less humid air. In these valleys, 
striae of Monarch age can be easily seen. 
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POST-MONARCH RECESSION 


Since the recession of the Monarch ice from the valleys at the head 
of Monarch Lake, upper Arapaho Creek has eroded a channel to a 
depth of about 30 feet in bedrock, and other streams have cut their 
channels to comparable depths. Outwash and organic materials have 
completely filled most of the ice-cut basins in the tributary valleys. 
Between Monarch Lake and Moraine Five as much as 30 feet of out- 
wash and deltaic material has been deposited among the glacial hum- 
mocks, and channeling to almost that depth by Arapaho Creek has 
taken place. Organic acids, the result of extensive peat deposits, may 
be partly responsible for the rapid disintegration of some of the Mon- 
arch-age deposits in the valley. Above Monarch Lake, weathering of 
polished surfaces has been slight. Falls of enormous rocks, some of 
them larger than a two-car garage, from the valley walls have been 
numerous since the Monarch retreat, and are still occasionally reported. 
It is probable that some of the enormous erratics found on moraines 
near the Colorado River fell onto the glacial ice from the valley walls, 
instead of being quarried by the ice, as many of the smaller rocks un- 
doubtedly were. Talus cones are small. 

The polished surfaces of Monarch age in the tributary valleys ap- 
parently increase in age from the cirque floors at 10,500 feet to the 
head of Monarch Lake, just below 9,000 feet. This was at first inter- 
preted as evidence of a very slow glacial retreat, but, after a study of 
snow conditions, a more simple explanation was reached. Above Mon- 
arch Lake, the rock is covered with snow not more than six months in 
the year, generally less; in the high cirques it is exposed to the air 
not more than three months in the year, generally less. Hence, assum- 
ing that snow conditions have been approximately the same since the 
retreat of the Monarch ice, rock surfaces of that age at low altitudes in 
the valleys have been exposed to at least twice as much weathering as 
surfaces at high altitudes. 

RECENT ADVANCE 


Very recently, geologically speaking, and perhaps within historic time, 
glaciers were re-established in many of the high cirques, and advanced 
not more than a mile down the valleys. Moraines as high as 60 feet, 
some impounding partly filled lakes, rest upon polished surfaces of 
Monarch age. The recession from this minor advance was rapid; the 
morainal deposits behind the outer moraines in the high cirques being 
thin. Whether the ice melted completely away after this minor advance 
is not indicated by available evidence. A short distance from the head- 
walls of these cirques, only a few hundred feet in many of them, is 
an inner moraine, forming the dam of a small lake, relatively free of 
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sediments, in most of the cirques. These moraines are above timber- 
line, so that their ages cannot be estimated from tree growth. Absence 
of lichen growth and their extreme surficial roughness, however, attests 
to their recency. 

GLACIAL CORRELATIONS 


From existing data, definite dating of the glacial stages here de- 
scribed, or definite correlation of them with continental stages, or with 
alpine stages in other regions, is not justified. Even correlations from 
one range to another within the State of Colorado are doubtful. 

Assuming that alpine and continental ice advances were contempo- 
raneous, as has been shown by Alden (1932) for the upper Missouri 
Valley, the following ages are tentatively suggested for the glacial stages 
described in this paper: 


Monarch Valley Continental Areas 
Not younger than Illinoisan 


The relatively long Stillwater - River interglacial interval suggests that 
the Stillwater stage may have occurred before Illinoian time. 

Correlations across the Front Range, particularly of the Monarch 
Valley stages with those described by Morey (1927), Thornbury (1928), 
and Ives (1932, 1933, 1934), in the Silver Lake and Albion valleys on 
the eastern slope, can be made with some certainty. These are: 


Monarch Valley Silver Lake and Albion valleys 
Monarch ........ Perched Moraines (Morey, Thornbury, Ives) 
Arapaho........ Young (Ives) 
ee The Moraine (Morey, Thornbury) Albion Moraine (Ives) 
Stillwater........ not described 


During the summer of 1936 the writer found terraces, erratics, and 
striae of Stillwater age on both walls of the Silver Lake valley, and 
moraines of two ages not previously reported, probably of Stillwater 
and an earlier age, were found on the ridges above the Albion Valley 
by E. E. Wahlstrom. Wahlstrom’s earliest materials greatly resemble 
rock glaciers (Capps, 1910), but that resemblance does not preclude a 
normal glacial origin for these very old masses of foreign material. 

On both slopes of the range, moraines of Arapaho age are subdivided, 
generally into two main ridges, but at the north end of the Silver 
Lake - Albion Valley terminal, nine distinct “perched” moraines can 
be counted. 

The young moraines noted by Thornbury (1928) in several valleys 
on the eastern slope of the Front Range are rather definitely of Arapaho 
age, as is shown by the polished monzonite surfaces associated with 


ite 
f 
i 
i 
Mi 
¥ 
j 
: q 
q 


GLACIAL CORRELATIONS 1063 


them; his old moraines are probably of River age. Thornbury is now 
(1936, personal communication) of the opinion that three glacial stages 
are represented on the eastern slope. 

A reconnaissance of the area directly north of the Monarch Valley 
disclosed that in Columbine (Fig. 1) and Pole creeks there is rather 
scanty evidence of two glacial stages, probably River and Arapaho. 
Whether detailed work will produce evidence of more than two stages 
is doubtful, for the heads of these valleys are some distance from, and 
lower than, the Continental Divide. No convincing evidence of either 
Monarch or Stillwater glaciation was found in Roaring Fork, which 
heads near the head of Columbine Creek, and is tributary to the Monarch 
Valley near Monarch. 

Moraines comparable in number and relative location with those in 
the Monarch Valley are present at Grand Lake. The outermost mo- 
raine, 2 miles north of Stillwater, can be correlated, beyond any reason- 
able doubt, with the Stillwater stage in the Monarch Valley, and the 
most recent polished surfaces near Grand Lake are definitely of Mon- 
arch age. Although there is every reason to believe that the other 
Monarch Valley moraines have exact counterparts in the Grand Lake 
region, evidence upon which to base such correlations has not been 
collected. 

Studies of polished surfaces, on granitic rock, at timberline, lead 
the writer to conclude that glaciations closely contemporaneous with the 
Monarch advance took place in the Mosquito, Gore, Sawatch, and Col- 
legiate ranges of Colorado, and perhaps in the northern part of the 
Sangre de Cristo Range. No attempt was made, during this, or any 
related study, to correlate glaciations in the Front and San Juan ranges. 

Glacial deposits strikingly similar to those in the Monarch Valley 
are described by Blackwelder (1931) in his paper on the Sierra Nevada. 
It is the opinion of this writer, based on observations of polished gra- 
nitic surfaces at comparable locations, and exposed to comparable weath- 
ering, in Yosemite (Vogelsang Pass area) and in the Monarch Valley, 
that Blackwelder’s Tioga Stage was very nearly contemporaneous with 
the Monarch Stage described in this paper. 


PRESENT CONDITION OF EXISTING GLACIERS 


Most of the glaciers in the vicinity of the Monarch Valley were not 
recognized as such until after 1890, although Marvine (1873) hints at 
their existence in his description of “eternal ice fields”. Good photo- 
graphs of the glaciers were not taken until about 1900. Studies of old 
and recent photographs show that a considerable, but by no means reg- 
ular, recession of the ice has taken place since 1900. Fair Glacier 
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(Pl. 2), at the head of Cascade Creek, near Crater Lake, lost little of 
its area from 1900 to 1932, then lost 20 percent of its area between 
1932 and 1935. This does not necessarily imply a corresponding loss 
in volume, for the cross-section of the ice cannot be determined from 
the photographs. Other glaciers have been studied by several workers, 
using various methods, and all are noted to have retreated since about 
1900, but the amount and rate of retreat varies with the individual 
glacier. 

More than 400 annual bands were counted in the face of Fair Glacier 
in 1932, indicating that the ice mass is more than 400 years old. Dark 
bands, caused by the inclusion of abnormal amounts of rock dust in 
the ice, were noted at intervals. These, on close inspection, appear to 
be unconformities in the ice, and suggest periods of rapid surface melt- 
ing. It was not found possible to “tie in” these ice bands to human 
chronology, because of a layer of rock dust and mushy ice on the sur- 
face of the glacier, probably representing the deposition of many years. 
Tree-ring correlations, offering a possible method of dating, have not 
yet been attempted. The present surface layer, some years in the fu- 
ture, may become another dark band in the ice, if climatic conditions 
again favor glacial deposition. Neither climatic nor glacial observ- 
ations are complete enough in the Front Range area to justify any 
prediction of the ultimate fate of the few existing glaciers. 


CLIMATIC INFERENCES FROM RECESSIONAL DATA 


From the post-Monarch history of this area, certain inferences con- 
cerning the post glacial climate may be drawn. For a considerable time 
after the Monarch advance, conditions were unfavorable to glaciation, 
and the ice retreated to the high cirques, and very probably disappeared 
entirely. The time since this recession has been long enough to permit 
complete filling of the ice-carved basins below the high cirques. (This 
did not occur in some of the high valleys on the eastern slope of the 
Front Range, where rainfall is less abundant.) The extensive peat 
growths in these basins are suggestive of a climate at least as warm 
as at present. The rather recent readvance of the ice, and its sub- 
sequent retreat, represents a minor climatic oscillation, probably a 
slight general chilling. This occurred at least 400 years ago, and more 
probably, considering the interrupted ice deposition in Fair Glacier, and 
the time necessary for a recession of the ice from the inner moraines, 
more than 1,000 years ago. 

These apparent climatic changes—a post-late-Wisconsin warming, a 
short cooler period, and the present relatively warm time—are com- 
parable with the climatic changes described by Antevs (1928), Hotch- 
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kiss and Ingersoll (1934), and Kerr (1936), but the distances between 
the areas described, and the differing climatic conditions make valueless 
any attempt at definite dating of events in the Rocky Mountains by 
correlation with climatic changes in these other areas. 


CONCLUSIONS 


The four glacial stages described in this paper seem to account for 
Late, Middle, and Early Wisconsin time, and for one other glacial pe- 
riod, possibly Illinoian, leaving two periods unaccounted for. No good 
evidence of these two earlier periods of glaciation was found in the 
Monarch Valley, but lack of evidence does not imply lack of glaciation, 
for each advance of an alpine glacier tends to obliterate the evidence 
of prior stages by erosion and burial. Where this has occurred, studies 
of outwash deposits at some distance from the glaciated area may lead 
to the finding of the desired evidence. To date (1936), evidence of the 
“missing” glacial stages has not been found in Colorado. 


An enormous amount of highly detailed study will be necessary in 
the Colorado Front Range area before a complete picture of Pleistocene 
glaciation is obtained. Until studies of adjacent ranges are completed, 
exact correlations of Front Range glacial stages with those elsewhere 
will be difficult and subject to great probable error. 
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ABSTRACT 


Field and laboratory studies have shown that the older type Cambrian sections in 
Nevada, Utah, and Wyoming are not usable for correlation, and that published faunal 
lists are incomplete and partly erroneous. In 1936 and 1937, fossils were accurately 
zoned in seven remeasured sections: Pentagon, Prairie Reef, and Scapegoat, Mon- 
tana; Wind River Canyon, Wyoming; Blacksmith Fork and House e, Utah; 
and Highland Range, Nevada. 

The terms DuNoir and Gallatin are not applicable to the Wind River Canyon 
section which is now divided into the Depass (Albertan) and Boysen (Croixan) 
formations. The St. Charles (Croixan) formation in the original Blacksmith Fork 
section is redefined, as the upper 827 feet contain Ordovician fossils. The name 
Tatow limestone is applied to the youngest Waucobian rocks in the House Range. 
The upper 370 feet of the original Pioche shale in the Highland Range contains 
Albertan species and is named the Comet shale, the name Pioche being retained for 
the 600 feet of Waucobian rocks underlying the Comet and resting upon the Prospect 
Mountain formation. Few Middle Cambrian formations south of Montana can be 
correlated on evidence from fossils, other than the basal Ute with the Chisholm and 
Gordon, the upper Howell with the Damnation, and, doubtfully, the Wheeler and 
Marjum with the Pentagon. The Kochaspis upis fauna in the Steamboat limestone 
of Montana seems to be younger than the Marjumia-Neolenus fauna in the upper 
part of the Marjum limestone in the House Range. : 


INTRODUCTION 
GENERAL STATEMENT 


Since 1931, the writer has measured fifteen sections of Middle Cam- 
brian rocks in northwestern Montana, and eleven sections of Middle 
and Upper Cambrian in central western Montana and Yellowstone Na- 
tional Park. In the progress of the field work, large collections of 
Middle Cambrian fossils were made and accurately located in the meas- 
ured sections. Study of the literature in connection with the field and 
laboratory work showed clearly that the older type Middle Cambrian 
sections in Arizona, Nevada, Utah, and Wyoming to the south, and in 
Alberta and British Columbia to the north, are not usable for correla- 
tion; that the published faunal lists from many of the formations in 
these sections are incomplete and erroneous; and that the published 
correlations of the Middle Cambrian formations in the widely sepa- 
rated sections in the Cordilleran trough are doubtful. The work in 
Montana also indicated that the broader and more basic problems of 
Middle Cambrian stratigraphy and paleogeography in the Cordilleran 
area could not be satisfactorily attacked until someone intimately fa- 
miliar with the Middle Cambrian stratigraphy and fossils in a part of the 
area at least, rechecked, remeasured, and zoned newly collected fossils in 
the more important type sections throughout the area, and then studied 
the fossils from each established zone. 

As the first step in the attack on the problem of the Middle Cambrian 
in the Cordilleran region, the writer, in 1937, remeasured the Wind 
River Canyon section (Miller, 1936b, p. 185-137) in Wyoming (Fig. 1), 
the Blacksmith Fork (Walcott, 1908b, p. 190-199) and House Range 
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Ficure 1—Index map showing distribution of the seven sections 


Dots near numerals indicate approximate location of sections: (1) Pentagon Mountain, (2) Prairie 


Reef, (3) Scapegoat Basin, (4) Wind River Canyon, (5) Blacksmith Fork, (6) House Range, 
(7) Highland Range. 


4 
| 
: 
hs 


INTRODUCTION 1071 


(Walcott, 1908b, p. 173-185) sections in Utah, and part of the Highland 
Range section in Nevada (Westgate and Knopf, 1932, p. 6-14). Com- 
pletion of the field work on the other sections which require emenda- a. 
tion, and particularly the laboratory study of the fossils collected from 
the remeasured sections, will consume an additional five years. Conse- 
quently, the details of the known remeasured sections, and the tenta- . 
tive conclusions germane to the Middle Cambrian correlations, are pre- : 
sented at this time, instead of withholding this information from other ; 
workers engaged in this or similar problems. 
The sections described in this paper are in the central and south- 
central part of the Cordilleran trough in western Montana, central 
Wyoming, northeastern and central western Utah, and eastern Nevada. 
The area lies between the parallels 37° and 48° north latitude and 
meridians 108° and 115° west longitude. The geographic locations of 
the sections are indicated on the index map (Fig. 1) by dots associated 
with the numerals 1 to 7. The discussions of the sections in the follow- 
ing pages are arranged according to the geographic distribution of the 
sections. From north to south the sections are: (1) Pentagon Moun- 
tain, (2) Prairie Reef, (3) Scapegoat Basin, in northwestern Montana; 
(4) Wind River Canyon in central Wyoming; (5) Blacksmith Fork in 
northeastern and (6) House Range in central western Utah; and (7) 
Highland Range in eastern Nevada. 
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and to each of these men the writer is deeply indebted, and extends his 
warmest thanks. 


LEWIS AND CLARK RANGE AREA, MONTANA 
LOCATION OF AREA 


The Lewis and Clark Range forms the Continental Divide in north- 
western Montana, lies between 112°30’ and 113°10’ west longitude and 
47° and 48° north latitude, and contains the thickest and best exposed 
sections of Middle Cambrian rocks in Montana. Within the range the 
writer has measured nine detailed sections, of which three are given in 
this paper, and has collected carefully zoned fossils within them. In 
contrast to the conditions in central Montana and in most of the other 
areas, the rocks are well exposed, and contain clearly demarcated faunal 
zones and abundant fossils distributed in easily recognizable faunas. 
Much more detailed information is now available concerning the Middle 
Cambrian rocks and faunas of northwestern Montana than of any other 
area in the Cordilleran Trough. Because of these facts the Lewis and 
Clark Range is here tentatively considered the type area of the Middle 
Cambrian of western United States, and comparisons and correlations 
of the other sections will be made with those of northwestern Montana. 


SUMMARY OF PREVIOUS WORK IN LEWIS AND CLARK RANGE 


The only original work upon the Cambrian rocks of the Lewis and 
Clark Range, until 1932, was done by Walcott (1908b, p. 200-203), 
who published a section which he measured in the Dearborn River Can- 
yon and northward on Steamboat Mountain. In his section Walcott 
gave 1,385 feet of Silurian?, no Devonian, and 3,255 feet of “Car- 
boniferous” forming the summit and upper part of “Mount Dearborn” 
(Steamboat Mountain). Actually the top of Steamboat Mountain consists 
of Steamboat limestone which is more than 700 feet stratigraphically 
below the top of the Middle Cambrian. In the same paper Walcott 
gave a faunal list of the Albertella fauna, but assigned the fauna and 
the basal sandstone and overlying shale to the Lower Cambrian. These 
rocks, now called the Flathead sandstone and Gordon shale, are Middle 
Cambrian in age. 

Before 1916, Walcott collected fossils from the south end of the “Chi- 
nese Wall” in the Lewis and Clark Range but did not measure a section 
there. From the collection, he described Kochaspis unzia (Walcott) 
and K. upis (Walcott) (1912, p. 217-218), and assigned them to the 
Upper Cambrian “Gallatin limestone”. Actually, these species are 
characteristic of the late Middle Cambrian Steamboat limestone. 

In 1932, after two field seasons in the area, mapping the Beltian rocks, 
the writer made a reconnaissance study of the Paleozoic rocks in north- 
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western Montana. In connection with that work, four Cambrian sec- 
tions were measured in the Lewis and Clark Range, and the Cambrian 
rocks were divided tentatively into eleven formations (Deiss, 1933, p. 
18-32, 34-40). From 1933 to 1937 the writer continued to study these 
rocks, measured five additional sections in the Lewis and Clark Range, 
described and figured four new faunas from them, and revised and 
emended the definitions of the formations tentatively suggested in 1933 
(Deiss, 1937, p. 69-70). Out of these studies the three most complete 
sections in northwestern Montana are given here, in order to have a 
standard of comparison and correlation for the other Middle Cambrian 
sections in western United States. 


PENTAGON MOUNTAIN SECTION 


Pentagon Mountain lies in the north-central part of the Lewis and 
Clark Range, approximately 2 miles northwest of the Continental 
Divide (Fig. 1). The section was measured in sec. 18; secs. 18, 14, 
23, and 24; T. 25 N., Rs. 11 and 12 W., westward from a point on the 
Continental Divide half a mile east of the lower group of cliffs com- 
posed of Cambrian limestone, at an elevation of 7,800 feet. 


r7—Total——, 
Feet Meters Feet Meters 


DEVONIAN 


Limestones and dolomite: drab-gray, buff-gray, and 
gray, thick- and thin-bedded, more or less petro- 
liferous, and fossiliferous; weathers gray, buff, 
and drab-brown. Rests disconformably upon 
Cambrian, and is overlain by Mississippian 
limestones. 


CAMBRIAN 
Devils Glen dolomite 


Dolomite: white-buff, crystalline, massive, siliceous, 

thick-bedded; weathers white, and to sharp 

angular surfaces. In lower 2 feet are several 

reddish arenaceous beds which weather buff... . 125 38.1 
Limestone: cream-gray, massive, arenaceous, argil- 

laceous; thick- and thin-bedded; weathers deep- 


buff. Estimated thickness.................... 54 16.5 
Total thickness of Devils Glen dolomite. .. 179 54.6 
Switchback shale 
Talus and buff soil. Estimated thickness.......... 80.5 24.5 
Shale: green-gray, and interbedded shaly lime- 
stone. Estimated thickness.................. 36 10.9 


Total thickness of Switchback shale....... 116 35.4 
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Feet Meters Feet Meters 


Steamboat limestone 


Limestone: tan-gray, and some blue-gray in upper 
half, argillaceous, thin-bedded................ HE, 24.1 
Limestone: chocolate-gray and cream-tan, massive, 
argillaceous and pure, thick-bedded, crumbly in 
upper part; contains much buff clay and some 
og veinlets and crystals of calcite. Lower 55 feet 
banded with buff clay; bands approximately 
Limestone and shale: chocolate-gray, massive, pure, 
thick-bedded, separated by green-gray-brown 
fissile shale. Upper part of pea-green, fissile 
Shale: green and green-gray, calcareous........... 9 2.7 
Limestone: one bed: chocolate-colored, with orange- 
buff clay in flakes and nodules, massive. Lime- 
stone hard, contains irregular calcite veinlets. . 8 24 


Total thickness of Steamboat limestone... 216 65.8 


Pentagon shale (type locality) 
Limestone: chocolate- and white-gray, interbedded, 


nodular, argillaceous, platy; weathers buff.... 26 79 
Shale and limestone: chocolate- and black-gray, 
interbedded; upper shale green-brown........ 22 6.7 


Limestone: cream- and tan-gray, argillaceous, platy ; 

bedding surfaces wrinkled; contains buff clay 

Limestone: blue-gray, becoming darker and more 

irregularly bedded upward, argillaceous, platy. 

In upper part beds average 1% inch in thick- 

Limestone: blue-gray, platy; in beds from 4 to 5 

inch in thickness. Trilobite fragments present. 

Fossil loc. 6-loose from here.................. 19 58 


Fossits: Elrathiella convera Deiss* 
E. crassiorata Deiss 
E. plana Deiss 
E. tenuis Deiss 
E. unisulcata Deiss 
E. valens Deiss 
Parehmania? quadrata Deiss 
Rowia cylindrica Deiss 
R. delicata Deiss 


Shale and limestone: gray-buff, calcareous; inter- 
bedded with shaly limestone in upper part.... 58 17.7 


1 All species in this paper assigned to Deiss are described and figured in a manuscript awaiting 
publication in the files of the Geological Society of America. 
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c——Total——, 
Feet Meters Feet Meters 
Shale: gray, calcareous, thick-bedded; a few lime- 
stone beds in middle part. Top beds contain 
fossil quarry; fussil loc. 6-2. Limestones in 
middle part; fossil loc. 6-1................... 34 10.4 
Fossits: (Zone 1) (Zone 2) 
Ehmania convexa Deiss “Agnostus” | -evispinus Deiss 
Elrathina fecunda Deiss A. robustus Deiss 


Kootenia pariquadriceps Deiss Bathyuriscus formosus Deiss 
K. serrata (Meek) Parehmania princeps Deiss 


Rowia vulgata Deiss 
Total thickness of Pentagon shale........ 


Pagoda limestone 
Limestone: black-gray, massive, argillaceous, thin- 

and thick-bedded; and several interbedded, 

blue-gray, thin limestones. Two thin zones of 

Shale and limestone: gray, calcareous, arenaceous, 

interbedded; in beds approximately % inch in 


thickness; weathers buff ....................: 15.5 47 
Shale: black, fissile; a few thin, interbedded lime- 

stones; weathers Bray... 31 94 
Conglomerate and limestone: pebbles red, green, 


Shale: gray-buff to green-gray, micaceous, arenace- 


Total thickness of Pagoda limestone...... 


Dearborn limestone 
Limestone: gray and chocolate-gray thick- and thin- 

bedded; contains buff clay which weathers gray- 

and orange-buff. Lower 5 feet weather to ex- 

Limestone: light tan-gray, platy, lithographic, and 

finely crystalline; thin- and thick-bedded; few 

nodules of coarser-grained limestone.......... 62 18.9 
Limestone: tan- and blue-gray, fine-grained, platy; 

contains some irregularly shaped buff clay nod- 


ules. Grades upward into overlying interval. . 47 143 
Limestone: one bed: gray, massive; banded with 


Limestone: blue-gray and tan-gray, fine- and coarse- 

grained, beds range from % to 11 inches in 

thickness; contain flakes, nodules, and in mid- 

dle part of interval, bands of buff clay. Thicker 

beds weather buff, thinner beds gray.......... 65 19.8 
Shale: green-gray, fissile, arenaceous, micaceous; at 


top black-gray; weathers buff................ 36 109 


Total thickness of Dearborn limestone.... 


290 88.4 
92 27.9 
284 86.4 


1076 CHARLES DEISS—CAMBRIAN IN PART OF CORDILLERAN TROUGH 


Feet Meters Feet Meters 


Damnation limestone 
Limestone: blue-gray, crystalline, smooth-bedded; 


contains nodules of siliceous clay............. 2 0.6 
Limestone: crumbly; beds as much as 9 inches in 
thickness; weathers gray ..................... 29 88 


Limestone: gray and tan-gray, extremely massive; 

contains many buff clay flakes irregularly dis- 

Limestone: shifted and distorted by ice action. 

All beds massive, thick, and contain much buff 

Limestone: tan, shaly-bedded; contains much buff 

clay in form of flakes and nodules; weathers 


Total thickness of Damnation limestone. . 191 58.1 
Gordon shale 
Shale and limestone: green-gray; and arenaceous, 
micaceous limestone; weathers buff........... 40 12.2 


Shale and sandstone: green-gray, micaceous, fissile, 
arenaceous; many irregularly spaced, thin sand- 
stones and arenaceous limestones. Sandstones 
much ripple-marked, and contain numerous 


worm trails; weather green-buff............... 95 28.9 
Hematite: oolitic; lies in pockets within the green- 
gray shale, and upon underlying quartzite..... 5 15 
Total thickness of Gordon shale........... 140 426 
Flathead sandstone 


Sandstone and quartzite: white and cream-colored, 

thin- and thick-bedded; speckled surfaces due 

to numerous limonite grains.................. 112 34.1 
Quartzite: red, massive, pebbly, cross-bedded. 

Pebbles average %g inch in diameter; some 


as large as 114 inch in diameter............... 5 15 
Total thickness of Flathead sandstone..... 117 35.6 
Total thickness of Pentagon Mountain 
Cambrian eoction 1,625 494.8 


The Pentagon Mountain section is unique because it contains 290 feet 
of calcareous, thick-bedded, and fissile shales and shaly limestone 
(Pentagon shale), underlain by about 90 feet of black-gray, fissile 
shales and platy limestones, correlated with the Pagoda limestone. The 
Pentagon area is also significant, because it is the only place known to 
the writer where the unconformity between the Devils Glen dolomite 
(upper Cambrian) and the overlying White Ridge limestone (basal 
Devonian) is well exposed. 
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PRAIRIE REEF SECTION 


Prairie Reef lies approximately 5 miles east of the Chinese Wall 
(Continental Divide) in the central part of the Lewis and Clark Range 
(Fig. 1). The Prairie Reef section from the base of the Flathead into 
the upper part of the Steamboat limestone was measured in the NE. 
Y% sec. 9; T. 21 N., R. 11 W., on the east and southeast side of the 
mountain. The Cambrian rocks are almost perfectly exposed from 
the underlying green and: red upper Missoula group (Beltian) argillite 
to the top of the basal massive Steamboat limestone which forms the 
top of Prairie Reef. This limestone was traced from the top of the Peak 
northward to the NE. %4 sec. 4; T. 21 N., R. 11 W., from which point 
the section was measured through the SE. 44, and NW. \% sec. 33; 
T. 22 N., R. 11 W. to the base of the Devonian limestone. The con- 
tact of the basal Devonian and Devils Glen dolomite is well exposed 
on the southeast side of the base of the southern peak of White Ridge 
at an elevation of 8,000 feet. The thicknesses of the Switchback and 
Devils Glen formations could not be accurately measured because of 
difficulties in tracing these beds over long horizontal distances. Conse- 
quently, these thicknesses are only estimates. 

The cliffs on the southeast side of Prairie Reef, above the head of 
Reef Creek, contain the best exposure in northwestern Montana of the 
Flathead-Beltian contact. The discordance between the Flathead and 
the Beltian is approximately 12 degrees in strike, and 3 degrees in dip. 


Feet eters Feet Meters 
DEVONIAN 
Limestone, sandstone, shale, and dolomite: mixed 


beds of buff-weathering calcareous, thin-bedded 
sandstones and limestones in basal 63 feet, 
overlain by 66 feet of red, buff, and green-gray 
shale and argillaceous limestone, in turn over- 
lain by buff and gray, thick- and thin-bedded 
petroliferous limestones 337 feet in thickness, 
and at top 600 or more feet of drab-brown, ex- 


tremely petroliferous and massive dolomitic 


CAMBRIAN 


Devils Glen dolomite 


Dolomite: buff-white, massive, thick-bedded; 
weathers buff-white and to extremely rough 


Limestone: white, magnesium, locally siliceous; 


Total thickness of Devils Glen dolomite... 330 100.7 


1078 | CHARLES DEISS—CAMBRIAN IN PART OF CORDILLERAN TROUGH 


r——Total——, 
Feet Meters Feet Meters 


Switchback shale 
Limestone: buff, arenaceous, siliceous, thin-bedded ; 


fae Shale and limestone: green, fissile, sandy, and inter- 
ae calated limestones; weathers buff-green....... 40 12,2 


Total thickness of Switchback shale....... 75 


Steamboat limestone (type locality) 


Limestone: gray and chocolate-gray, spotted or 

mottled tan in some beds, crystalline, massive, 

thick- and thin-bedded; contains flakes and 

irregular bands of tan clay; weathers tan-buff 

and dull gray, and forms sheer cliffs approxi- 

mately one mile northwest of Prairie Reef 

Shale and limestone: green, soft, fissile, slightly and 

locally micaceous shale as thin beds and partings 

in upper part, and forming lower 2 feet of inter- 

val; and gray to green-gray, thin- and irregular- 

bedded (flaggy), nodular and shaly fossiliferous 

limestone containing on weathered surfaces a 

glyphaspoid fauna similar to part of Kochaspis 

fauna. Several beds of limestone conglomerate 

with small rounded, flattened pebbles occur in 

lower part of interval. Interval weathers green 

and buff-green. Fossil loc. 51-3............... 10 3.0 

Fossits: Fauna new and undescribed. 

Limestone: chocolate-gray and tan, fine- to medium- 

grained, hard, thick-bedded generally; contains 

buff and tan clay disseminated as flakes and 

nodules; weathers buff-tan-gray.............. 70 21.4 
Limestone and shale: gray and chocolate-gray, fine- 

grained, flaggy and thin-bedded, fossiliferous 

limestone; a few beds green and finely sandy; 

and green-gray fissile shale partings. Interval 

weathers buff-green. In upper foot, two 2- to 

4-inch beds of tan, intraformational conglome- 

rate; pebbles flattened. Middle part of interval 

contains numerous trilobites; fossil loc. 51-2 .. 4 12 


Fossits: Coelaspis prima Deiss 
Glossocoryphus sp. 
Kochaspis unzia (Walcott) 
K. upis (Walcott) 
Menairia inornata Deiss 
Thomsonaspis sp. 


Shale: green and green-gray, fissile, soft; and some 
tan-gray, fine-grained, and irregularly bedded 
limestone. Interval weathers green........... ll 3.3 


22.8 
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Limestone : two beds: dark chocolate-gray, fine- and 
medium-grained, massive ; contains tan-gray and 
orange clay flakes; weathers tan-gray, and forms 
well-exposed ledge between shale zones........ 

Shale and limestone: green, fissile, soft; and few gray 
and tan-gray, fine-grained, thin- and irregular- 
bedded limestones. Interval weathers green... 

Limestone: tan, medium-grained, hard, medium- 
bedded (2 to 9 inches) ; contains tiny, clear, cal- 
cite crystals irregularly distributed throughout; 
weathers light buff-gray ; upper 16 inches white- 
gray. Forms top of Prairie Reef at Lookout... 

Limestone: pale-gray or very slightly tan-gray, fine- 
grained, hard, extremely massive, thick-bedded 
(as much as 10 feet) ; weathers gray and forms 

Total thickness measured of Steamboat 

Pagoda limestone (type locality) 

Limestone: similar to overlying limestone of the 
Steamboat, but fine-grained, thin-bedded; con- 
tains more and larger tiny calcite crystals; 
weathers drab-buff and forms undercut beneath 
basal Steamboat limestone cliffs............... 

Limestone: tan and dark tan-gray, fine- to medium- 
grained, hard; beds generally more than 12 
inches thick; some beds banded finely tan and 
buff on fresh fracture; weathers to wavy bands 
on joint surfaces. Interval weathers buff-gray 
and forms broken cliff edges............ sree 

Limestone: tan-gray, fine-grained, hard, massive, 
less banded than overlying interval, more or less 
unbedded. Grades downward into tan-gray 
faintly oolitic limestone of Pagoda. Weathers 
light-gray, and forms cliffs.................... 

Limestone: pale-tan and cream-gray, some mottled 
tan and cream-colored, oolitic, faintly bedded; 
in lower half dark-gray %- to %-inch bands or 
lines. Limestone weathers white-gray and buff, 
and forms massive 

Limestone: pale tan-gray and tan, fine-grained to 
slightly lithographic, thin-bedded (1 to 3 
inches); contains flakes and nodules of light 
buff-brown, sandy clay, and 1/100 to 1/16 inch 
thick calcareous veinlets. Limestqne becomes 
slightly thinner-bedded and clay flakes increase 
greatly down section. Weathers rough and to 
irregular bedding surfaces and to platy slabs. 
Forms buff-gray rounded cliffs................ 


10 


59 


Meters 


15 


3.0 


6.1 


10.0 


0.9 


13.5 


16.8 


113 


18.0 
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r——Total——_, 
Feet Meters 
239 72.3 
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Limestone: chocolate-gray, slightly lithographic, 
thin-bedded (1 to 2 inches), contains much clay 
as flakes and nodules and as partings. Clay 
gray on fresh fracture; weathers olive-green in 
upper third; buff and olive-buff in lower two- 
thirds. Limestone weathers gray and buff and 
forms cliffs beneath massive oolitic cliffs and 

Limestone: chocolate-tan-gray, fine-grained, thin- 
bedded (14 to 1% inch), and many 1/64- to %4- 
inch green-buff shale partings and flakes. Beds 
weather gray-buff and to irregular points on 
bedding surfaces. Interval weathers buff and 
forms steep upper part of gentle slope. Beds 
carry trilobites and brachiopods. Fossil loc. 51.1 


Fosstis: Bolaspis minuta Deiss 
B. cf. vera Deiss 
Glyphaspis cf. brevisulcata Deiss 
G. paucisulcata Deiss 
G. storeyt Deiss 


Limestone: gray and chocolate-tan, fine-grained, 
thin-bedded; contains excessive amounts buff 
sandy clay flakes, nodules, and partings. Inter- 
val weathers olive-green-buff and forms slopes 

Limestone and shale: green-gray, fine-grained; and 
olive-green, thin-bedded, clay shale. Interval 
weathers olive-green and forms gentle slope in 
middle-lower part of Pagoda. Few trails still 
present. Occasional pale green-gray limestone 
beds %4 to % inch in thickness, composed largely 

Mudstone: maroon, calcareous, crumbly; at base 4 


to 6 inches of green, fissile, and lumpy shale; 
weathers red but usually covered............ 
Limestone: two or three beds: green and pale ma- 
roon, extremely argillaceous and irregularly bed- 
ded. Forms slight ledge. Contains poorly pre- 
served trilobite fragments................... 
Limestone and shale: mixed zones: gray and green- 
gray, argillaceous, lumpy, thin-bedded lime- 
stone and fissile green-gray shale partings; two 
red nodular zones, one near top, one near base. 
At lower and upper thirds occur 5- to 7-inch 
beds of gray or chocolate-gray, hard, fine- 
grained limestone containing nodules and flakes 
of buff and gray clay. Trilobite fragments com- 
Shale: dull green, argillaceous, fissile; weathers 
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c7——Total -—~ 
Feet Meters Feet Meters 


22 6.7 
43 13.2 
34 10.4 
21 64 
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7——Total—, 
Feet Meters Feet Meters 


Limestone: one bed: tan or pale chocolate-gray, 

fine-grained, hard; contains buff clay flakes, and 

rare dark-green glauconite grains; weathers 

gray ane forte 0.6 02 
Limestone and shale: partly covered; upper part 

gray, hard, 1- to 2-inch beds of limestone and 

shale. Limestone contains large, dark glauco- 

nite grains. Lower part gray and brown, sandy, 

thin-bedded, slightly seracitic limestone and cal- 


careous sandstone; weathers brown........... 20 6.1 
Total thickness of Pagoda limestone...... 364 111.2 


Dearborn limestone 

Limestone: tan-brown, fine-grained to finely crystal- 
line, thin- and irregular-bedded ; contains bright 
orange-brown, siliceous clay flakes and nodules; 
weathers rusty-brown and forms top of Dear- 

Limestone: tan or chocolate-gray, fine-grained, thin- 
bedded (1 to 2 inches) in upper two-thirds; 
thicker-bedded (2 to 6 inches) in lower third. 
Upper two-thirds contains bright orange-tan 
siliceous clay flakes and nodules; weathers 
bright but to same color against gray and buff 
cliff faces. Calcite veinlets common, and clay 
flakes fewer, and more buff in lower part...... 79 24.1 

Limestone: tan and chocolate-gray, fine-grained to 
lithographic in to 144-inch beds; extremely 
massive; contains nodules, flakes, and partings 
of pale orange-tan and buff clay. At base of 
interval green-gray, splintery, calcareous shale 
or extremely argillaceous shaly limestone. 
Weathers strongly buff and forms main mass of 


Limestone and shale: nodular, thin-bedded; forms 


top of slope below cliffs. Largely covered..... 20 6.1 
Limestone: chocolate-tan, slightly fine-grained, thin- ‘ 

ner-bedded in lower half. Upper 2 feet pale- 

gray, sandy argillite. Thick-bedded in parts. 

Lower 18 feet contain Y%4- to %-inch, rusty, 

siliceous, wavy bands; weather in relief on cliff 

faces. In general interval weathers to slopes. 

Limestone becomes dull to gray downward... . 20 6.1 
Limestone and shale: dull-gray, finely crystzlline, 

thin- and irregular-bedded, and _ gray-olive, 

sandy clay in thin beds and partings. Worm 

trails on green sandy beds. At base one 1- to 

3-inch bed of cream-colored, oolitic limestone. 


Limestone: chocolate-tan and pale-gray interbed- 
ded, thin- and irregular-bedded; much inter- 
calated sandy clay shale and some shaly, sandy 
beds; weathers buff and forms steep slope..... 

Interval covered: probably thin-bedded limestone 
and: intercalated dhale’..... 

Total thickness of Dearborn limestone... . 


Damnation limestone 


Limestone: chocolate-tan, fine-grained, massive, 
hard, thin- and thick-bedded; nearly identical 
to cliff-limestone of Dearborn formation; con- 
tains tan, buff, and orange-brown clay flakes 
and nodules; weathers buff-gray and forms cliffs 

Limestone: tan and dark-gray, medium-fine- 
grained, thin-bedded; contains buff-tan and 
gray clay flakes. Lower 3 feet thinner-bedded 
and contain trilobite fragments. Much sandy 
clay and few nodules of more or less pure 


Total thickness of Damnation limestone... 


Gordon shale 


Shale: alternating intervals dark-green and maroon, 
micaceous, fissile, soft, and many intercalated 
¥%- to %-inch beds calcareous sandstone and 
gray, crystalline, arenaceous, micaceous, lime- 
stones which carry worm trails on upper sur- 
faces. In lower third of interval many %4- to 
1-inch beds of dark-gray, rusty weathering lime- 
stone. Interval weathers green and dull purple- 

Limestone: one bed: green-gray and gray, argillace- 
ous, very slightly micaceous; contains few soft, 
dark-green clay flakes; weathers buff......... 

Shale: black-green, green, and some maroon, fissile, 
soft, slightly micaceous; and intercalated sand- 
stone and limestone lenticular beds. Poorly 
preserved trilobite fragments in upper black- 

Shale: green and dull-gray, fissile, hackly. very 
slightly micaceous; contains more intercalated 
impure limestones and sandstones than over- 

Limestone, shale, and sandstone: intervals inter- 

bedded; in upper part one 9- to 11-inch bed 

dark-rusty, sandy, argillaceous, impure lime- 
stone spotted with limonite. Interval weathers 


Feet 


45 


47 


118 


81 


45 
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Meters 


13.7 


143 


36.0 


9.1 


24.8 


0.6 


13.7 


9.1 


Feet Meters 


232 89.0 
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c——Total—_, 
Feet Meters Feet Meters 
Shale and sandstone: mixed beds: green, pale- 
maroon, and gray, fissile shale and thin inter- 
calated sandstone and limestone. More sandy 
limestones and sandstones in upper half....... 33 10.0 


Total thickness of Gordon shale*......... 197 60.0 


Flathead sandstone 


Sandstone and shale: rusty-buff, medium- and 
coarse-grained, thick- and thin-bedded; con- 
tains much limonite; capped by 18- to 24-inch 
bed sandstone; weathers buff. A few zones of 
green, micaceous, sandy shale................. 26 79 

Sandstone: alternate beds: white-gray spotted with 
limonite; maroon, cross-bedded quartzite; and 
a few beds of pebbly sandstone. Pebbles %4 to 
¥% inch in diameter, of white and tan quartz. 
Worm trails and burrows common on some 
beds. This and overlying interval weather 


Sandstone: deep-maroon, quartzitic, thin- and 
thick-bedded, cross-bedded; weathers dark- 
12 3.7 


Quartzite: cream-gray, coarse- to medium-grained, 
sandy, cross-bedded, in beds as much as 4 feet 
thick; many tiny tan and white quartz pebbles 
in lenses, and also irregularly distributed; 
weathers cream-gray and dark rusty-brown on 
Quartzite: probably one bed: buff, coarse-grained, 
sandy, hard, pebbly; contains much finely dis- 
seminated limonite. Pebbles of glassy white 
and tan quartz in bands as much as 8 inches 
thick. Pebbles average % inch in diameter. 
In basal 5 inches are rounded pebbles as much 
as 1% inches in diameter, and 1- to 1%-inch 
flakes of green Beltian argillite............... 6 18 
Total thickness of Flathead sandstone... . 107 32.6 
Total thickness of Cambrian section on 
Prairie Reef and White Ridge........ 1,752 534.5 


14.6 


The Prairie Reef section has been broken a quarter of a mile north of 
Prairie Reef by a nearly vertical fault which throws the green-buff, shaly 
limestones of the Steamboat formation against the massive limestone of 
the same formation. However, the task of identifying the same bed in the 
Steamboat formation on both sides of the fault and thus completing the 
entire sequence of the Cambrian formations is relatively easy. 


2The Gordon shale grades downward gradually into the Flathead sandstone in this section. 
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SCAPEGOAT BASIN SECTION 


Scapegoat Basin lies in the central and northwestern part of the Coopers 
Lake (Montana) quadrangle, and is composed of Cambrian rocks capped 
locally by Devonian limestones. The basin is approximately 9 miles in 
length and 5 in width. Scapegoat Mountain, elevation 9,185 feet, is the 
highest point in the area. The northeast, north, and west edges of the 
basin consist of Cambrian rocks in normal but unconformable contact 
with the Beltian argillites and quartzites of the Missoula group. The 
southern edge of the basin is bounded by a steeply dipping normal, or 
vertical fault whose throw is almost 5,000 feet. The beds close to the 
fault are nearly vertical, and are even overturned on the southeast corner 
of the basin, but quickly flatten northward. The southern edge of the 
Scapegoat Basin forms part of the Continental Divide. 

The section was measured on the Continental Divide at the west end 
of the basin, from a point several hundred yards south of “Observation 
Point,” southward and then eastward to the top of the 9,000-foot lime- 
stone peak, “Cambria” of Walcott (1906, p. 3, fig. 1), at the west end of 
Scapegoat Basin; and finally southeastward a distance of 114 miles. This 
section is in the 8. 1% sec. 6, SW. 14 sec. 5, and N. % sec. 8, T. 18 N., R. 


10 W. 
7——Total—_, 
CAMBRIAN Feet Meters Feet Meters 


Devils Glen dolomite 
Dolomite: white and gray-white, massive, thick- 
bedded; upper half more drab-gray. Top 
eroded in nearly all parts of Scapegoat Basin.. 350 106.7 


Estimated thickness of Devils Glen dolo- 


Switchback shale 
Limestone: argillaceous, dolomitic, arenaceous, 

platy, thin-bedded; weathers bright-buff and to 

Shale and limestone: green, dull-gray, and gray, 

fissile ; interbedded with crystalline, fossiliferous, 

rusty-weathering limestone. Fossils fragmen- 

tary and extremely poorly preserved......... 25 76 
Limestone: rusty-drab to brown-weathering, platy, 

irregularly thick- and thin-bedded. Estimated 

Total thickness of Switchback shale...... 70 213 


Steamboat limestone 
Limestone: tan-gray, hard, irregular-bedded; con- 
tains flakes of orange-colored clay; weathers 
buff and tan-gray; forms slopes. Estimated 


+ | 
| 
3 
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Limestone: brown to chocolate-gray, some beds 
almost steel-gray, hard, all thick- and thin- 
bedded and break into irregular blocks; weath- 
ers drab-brown-gray; some beds weather to 
sharp angular points on surfaces perpendicular 
to bedding, others weather crumbly........... 

Limestone: dove-gray to tan, finely crystalline, hard, 
thick-bedded, without clay banding or other 
markings; weathers tan to drab-gray in sharp 
contrast to underlying white-weathering fissile 

Limestone and shale: thinner-bedded limestone as 
in overlying interval, and intercalated green- 

Limestone: chocolate- and dove-gray, argillaceous, 
fissile, shaly; interbedded with several choco- 
late-colored, thick-bedded limestone; one 1-inch 
bed of limestone conglomerate, containing few 
pebbles up to % inch in diameter. All weather 

Limestone: tan to chocolate-colored, fine-grained, 
smooth, banded, becomes less banded upward; 
and %- to %-inch layers of arenaceous and 
argillaceous, slightly fissile limestone; weathers 

Total thickness of Steamboat limestone... 


Pagoda limestone 

Limestone: tan and gray, hard, dense, thick- and 
thin-bedded; a few layers of sandy argillite; 

Limestone: tan-gray to tan, extremely massive, 
oolitic, platy, dense, thin- and thick-bedded; 
weathers white-gray and forms sheer cliffs... .. 

Limestone: chocolate- to tan-gray, fine-grained, 
massive, thick-bedded ; contains buff clay flakes; 
becomes more massive upward; weathers gray 

Limestone: chocolate- to tan-gray, fine-grained, 
crumbly, lithographic in some beds, thin-bed- 
ded; contains olive-green-tan clay flakes. Fossil 
loc. 20-4 in upper half of this interval......... 


Fossits: Bolaspis cf. minuta Deiss 
Glyphaspis sp. 

Limestone: chocolate-gray, massive, thick-bedded; 
contains few clay nodules, in beds from 4 to 11 
inches in thickness; calcite veinlets common; 
weathers to flat surfaces with sharp angular, 


Feet 


137 


19 


43 


153 


Meters 


417 


79 


0.9 


15.2 


58 


13.1 


14.0 


46.7 


122 


24 


Feet Meters 
255 776 
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Limestone: tan-gray, crumbly, thin- and irregular- 
bedded; approximately 40 percent bright buff, 
argillaceous limestone or calcareous clay no- 
dules; weathers to bright-buff slopes and to 
much more minute fragments than underlying 
chocolate-colored limestone .................. 


Dearborn limestone 
Limestone: chocolate-gray, massive, crumbly; thin- 
bedded; contains minute clay flakes........... 
Limestone: chocolate-gray, massive; becomes thin- 
ner-bedded upward; contains numerous minute 
calcite veinlets perpendicular to bedding; 
Limestone: chocolate-gray, fine-grained, extremely 
massive; in beds as much as 7 feet thick; con- 
tains minute buff clay flakes; weathers light- 
gray and parts on planes 1 to 2 inches thick, 
and ulso weathers to %4- to 2-inch fragments. . 
Limestone: lavender-tan, and chocolate-gray, crys- 
talline, thin- and thick-bedded; contains flakes. 
Forms steep buff talus and cliff outcrops...... 
Limestone and shale: gray, nodular, thin-bedded; 
and intercalated green shale partings.......... 
Limestone: gray, massive, thick-bedded; weathers 
buff and to irregular pebbles on talus slopes... 
Shale: dark-green, fissile, soft; weathers dull-green 
and contains numerous trilobites and a few 
phosphatic brachiopods. Fossil loc. 20-3..... 


Fossirs: Fauna new and undescribed. 
Glossopleura cf. belesis (Walcott) 
Kochina sp. 


Shale, limestone, and sandstone: green, soft, slightly 
micaceous, fissile shale; intercalated rusty- 
weathering fossiliferous limestone, and olive- 
green, banded sandstones. Same trilobite tails 
(Glossopleura) here as in similar basal lime- 
stones of Dearborn formation in Haystack 

Shale and conglomerate: green, fissile, soft shale and 
intercalated thin beds of gray limestone con- 

Total thickness of Dearborn limestone... . 


Damnation limestone (type locality) 

Limestone: chocolate-colored and gray, finely crys- 
talline, extremely massive, hard; weathers gray- 


Feet 


52 


10 


10 


Meters Feet Meters 


‘18 


11.0 


158 


24.4 
12 


3.0 


3.0 


12 


0.6 
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Limestone: chocolate-tan, thin- and in lower 6 feet 
thick-bedded, nodular; contains many buff clay 

Limestone and shale: chocolate-colored, nodular; 
and gray and buff-gray, fissile, calcareous shale. 
Limestone: tan and chocolate-gray, hard, thick- 
bedded; contains some orange-buff siliceous 
clay nodules and bands; weathers to rough 
surfaces, and is cliff-forming ................. 
Limestone: gray-tan, fine-grained, irregular- and 
thin-bedded; contains buff clay flakes; inter- 
bedded with gray, medium-grained limestone 
and few thin beds of coarsely oolitic lime- 
stone. Interval weathers buff................ 
Limestone: tan-gray, medium crystalline, some beds 
coarsely oolitic, platy and irregularly bedded; 
contains many buff clay flakes and nodules, 
and rare glauconite grains; weathers bright- 
buff and forms slopes of crumbly pebbles; lower 
part more lavender-gray on fresh fracture and 
contains numerous fossils. Fossil loc. 20-2.... 


Fossits: Alokistocare? scapegoatensis Deiss 
Glossopleura alta Deiss 
Kootenia erromena Deiss 
K. exilazata Deiss 
K. fragilis Deiss 
K. infera Deiss 
K. latidorsata Deiss 
K. scapegoatensis Deiss 


Total thickness of Damnation limestone. . 


Gordon shale 


Shale: chocolate-maroon, fissile, upper 5 feet green- 
Shale: chocolate-red, fissile and hackly, slightly 
micaceous; and intercalated thin beds of rusty, 
argillaceous, micaceous sandstone. A few shale 
beds in middle part of interval contain numer- 
ous trilobites. Interval weathers chocolate-ma- 


Fossits: Alokistocare cf. stator (Walcott) 
Clavaspidella bela (Walcott) 
Elrathia? candace (Walcott) 
Glossopleura belesis (Walcott) 
Kochina americana? (Walcott) 
Strotocephalus gordonensis Resser 
Zacanthoides cnopus Walcott 


Feet 


30 


14 
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Meters Feet Meters 


64 


03 


9.1 
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Shale and limestone: green-gray and dark-green, 
fissile, slightly micaceous, in 2- to 12-foot zones; 
separated by 2- to 4-inch beds of buff- and 
rusty-weathering, crystalline, argillaceous lime- 
stone. Interval weathers green- and gray-buff. 
In green shale 7 to 9 feet below top of interval 
are numerous trilobites. This is fossil loc. 
20-1b. In similar green shale zone 13 to 15 
feet below zone 20-1b are also trilobites. This 

Fossits: Anoria baton (Walcott) 

Shale and limestone: green-gray and red-brown, 
fissile, locally arenaceous and micaceous; and 
interbedded gray, crystalline, glauconitic, thin- 
bedded limestone which contains poorly pre- 
served fragments of broad-brimmed pygidia. 
Shale weathers dull-buff; limestone deep rusty 

Shale: lighter green, less micaceous and arenaceous, 
smoother and more fissile; weathers lighter 

Shale: dull drab-brown-green, micaceous, arenace- 
ous; fairly uniform throughout; weathers 

Sandstone and shale: red-brown, flaggy, argillaceous, 
thin-bedded sandstone which carries numerous 
tracks and trails; and much interbedded brown- 

Shale and sandstone: upper 20 feet dull gray-green, 
micaceous, thick- and thin-bedded; and three 
equally separated 2-foot intervals of buff, mas- 
sive, argillitic, flaggy sandstone. Upper sand- 
stone zone distinctly calcareous and underlain 
by 2%-foot hematite zone. All beds more shaly 

Total thickness of Gordon shale.......... 

Flathead sandstone 

Hematite and sandstone: red and brown zones of 
oolitic, impure hematite containing grains of 
white and tan quartz; and beds of drab-brown 
impure, argillaceous, thick- and thin-bedded 
sandstone. Impure oolitic hematite zone forms 
top of Flathead sandstone in this section ..... 

Quartzite, shale, and hematite: mixed zones of red- 
dish, sandy quartzite; green-gray, micaceous, 
sandy shale crowded with worm trails; thick- 
and thin-bedded pure quartzite; and in lower 
third, zone of impure oolitic hematite. All beds 
weather reddish brown....................... 


Feet 


76 


10 


45 


12 


Meters 


193 


23.2 
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-——Total——, 
Feet Meters Feet Meters 


Quartzite: white-tan, coarse-grained, limonitic, mas- 
sive, thick-bedded; composed of white glassy 
quartz grains; beds weather red-buff.......... 26 8.0 

Sandstone, shale, and quartzite: drab-green, mica- 
ceous, flaggy, thick- and thin-bedded sand- 
stone, and sandy shale; interbedded and capped 
with white-buff quartzite. Large worm trails 
common in green sandstone.................. 10.5 3.2 

Quartzite: white and red, coarse-grained, massive, 
pebbly, thick-bedded, cross-bedded; contains 
spots of limonite; weathers white-buff. Pebbles 
extremely numerous, generally small (% to % 
inch in diameter), white and pink-buff. Matrix 


of nearly pure, white, glassy quartz grains..... 25 76 
Total thickness of Flathead sandstone... . 78 23.9 
Total thickness of Scapegoat Basin Cam- 


MIDDLE CAMBRIAN FORMATIONS IN LEWIS AND CLARK RANGE 


The writer first tentatively divided the rocks of the Cambrian system 
in northwestern Montana into eleven formations :(Deiss, 1933, p. 34-40), 
from the base upward: (1) Flathead quartzite, (2) Wolsey shale, (3) 
Damnation limestone, (4) Nannie Basin limestone, (5) Dearborn lime- 
stone, (6) Steamboat limestone, (7) Pagoda oolite, (8) Pentagon shale, 
(9) Gordon Mountain limestone, (10) Switchback limestone, and (11) 
Devils Glen dolomite. Three of these names are now discarded. Wal- 
cott’s original name, Gordon (Walcott, 1917, p. 17) is used instead of 
Wolsey for the shale which lies upon the Flathead sandstone in north- 
western Montana. The Damnation limestone is redefined to include the 
former combined Damnation and Nannie Basin limestones, and the name 
Nannie Basin limestone is dropped. The Steamboat limestone has proved 
to be part of the massive upper Dearborn limestone which was repeated 
in the Dearborn section by a low angle overthrust. Therefore, the rocks 
to which the name Steamboat was applied do not exist, and this name is 
freed for use and is here applied to the limestone and shale formerly 
designated Gordon Mountain limestone, which lies between the Pagoda 
or Pentagon and the overlying Switchback formations. The name Gordon 
Mountain is here replaced by Steamboat limestone, as such similar names 
as Gordon and Gordon Mountain would cause confusion in terminology. 

The Cambrian rocks of northwestern Montana are now divided into 
nine formations, all of which seem to be Middle Cambrian in age: (1) 
Flathead sandstone (instead of Flathead quartzite), (2) Gordon shale, 
(3) Damnation limestone, (4) Dearborn limestone, (5) Pagoda limestone 
(instead of Pagoda oolite), (6) Pentagon shale, (7) Steamboat limestone, 
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PENTAGON MOUNTAIN PRAIRIE REEF SCAPEGOAT BASIN 
Z 
Devonian limestone a LL, ZL, 
5 330 feet 
Devils Glen dolomi LL-4|79 feet = _ 350 feet 
Z 4 
Switchback shale 6 feet 75 feet 
Steamboat limestone 2/6 feet [I T1939 fee 
Pentagon shale 290 feet, I = 
Bothyuriscus-Ewethine foune 296 feet 
= / 
Pagoda limestone === 92 feet = Bolaspis-Glyphaspis founo 
= 
Dearborn limestone 284 feet feet 425! feet 
= 
= Recurrent Glossopleura founo 
Gordon shale = 140 feet S 197 feet 274 feet 
Flathead sandstone pars feet 107 feet 
: 78 feet 
Upper Beltian argillite 


Figure 2.—Comparison of three sections of Middle Cambrian rocks in northwestern 
Montana 


(8) Switchback shale (instead of Switchback limestone), and (9) Devils 
Glen dolomite (Deiss, 1937, p. 69-70). These formations are natural lithic 
units, readily mappable on a scale of 1/62,500; are continuous over more 
than 2,000 square miles; and, with three exceptions, contain numerous 
fossils in well-demarcated zones. The three exceptions are the Flathead 
sandstone and Devils Glen dolomite, which are nearly barren of fossils, 
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and the Switchback shale, which contains indeterminate, poorly preserved 
fossils in some beds. Future work may reveal identifiable fossils in this 
formation. Thus, six of the nine formations, as now defined, fulfill all the 
theoretical requirements of a stratigraphic formation: characteristic and 
persistent lithology; serviceable cartographic unit; and readily recogniz- 
able fossils restricted to definite zones. These formations are defined in 
the manuscript now awaiting publication (Deiss, 1937, p. 69-70), and need 
not be given here. 


WIND RIVER CANYON AREA, WYOMING 
LOCATION OF AREA 


Wind River Canyon is the name given to the gorge which the Big Horn 
River has cut through the eastern end of the Owl Creek Mountains in 
western central Wyoming. All the Paleozoic sediments deposited in the 
area are exposed in the canyon walls, and from Boysen Dam northward, 
the river has cut down into “Archean” granites and altered sediments, 
making long exposures of the Cambrian-“Archean” contact. The rocks 
are nearly horizontal, are well exposed, and are not disturbed by faulting 
or metamorphosed by intrusions. 


SUMMARY OF PREVIOUS WORK IN WIND RIVER CANYON 


Darton, in 1906, was the first to describe the Cambrian rocks of the 
Wind River Canyon. He said that they are 900 feet thick and consist 
of sandstone shale and limestone, and assigned them to the Upper Cam- 
brian Deadwood formation (Darton, 1906, p. 14-15). 

Miller (1936b, p. 135-136) was the first to publish a detailed strati- 
graphic section of the Cambrian rocks in the Wind River Canyon. Also, 
in 1936, Lochman studied the section, collected fossils, and induced the 
writer to remeasure the section in 1937, and study the Middle Cambrian 
fossils. 

The only other man to work extensively in the Wind River Canyon is 
Fanshaw, who has recently completed a tectonic study of the Owl Creek 
Range. 

WIND RIVER CANYON SECTION 

The Wind River Canyon section is strategically important in Middle 
and Upper Cambrian paleogeography and sedimentation, as its sediments 
were deposited near the eastern shoreline of the Cordilleran trough in 
Middle Cambrian time, and within the deeper and more permanent seas 
in Upper Cambrian time. Miller (1936b, p. 135) stated that his original 
section of these rocks “from the base of the Depass to the top of the Du- 
Noir member of the Gallatin, was measured on the east side of the canyon, 
just above Smith’s cabin; the beds from the top of the DuNoir to the 
base of the Big Horn were measured on the east side of the canyon about 
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one-quarter mile east of Boysen Dam.” The location of the lower part 
of the section is correct, but not that of the upper part, as the rocks one- 
quarter mile east of Boysen Dam are pre-Cambrian metamorphosed sedi- 
ments and intrusives. 

The emended Wind River Canyon section was measured on the east of 
the canyon, 1.6 miles north of Boysen Dam, where the basal Middle Cam- 
brian sandstone, Depass (Miller, 1936b, p. 123-124), rests upon deeply 
weathered, coarse-grained, “Archean” granite. The section was then 
traced north one-tenth of a mile to the north side of the mouth of “Smith’s 
Gulch” (Pl. 1), and continued eastward and northeastward to the top of 
the Upper Cambrian red limestones and shales at the base of the Big 
Horn (Ordovician) dolomite. The rocks are well exposed from the base 
of the Depass to the Aphelaspis zone in the Upper Cambrian, are then 
largely covered throughout the next 124 feet of thickness, and are also 
well exposed in the upper 200 feet of the section. 


7——Total——, 


ORDOVICIAN Feet Meters Feet Meters 


Big Horn dolomite 
Dolomite: white-buff, thick-bedded, massive, con- 
tains grains of clear glassy quartz; weathers buff 
and forms base of sheer cliffs above red Upper 
Cambrian limestones 2-4 06-12 


UPPER CAMBRIAN 


Boysen formation (type locality) 

Grove Creek member 
Shale and dolomite: pink-tan in lower 2 feet. green 

and buff, calcareous arenaceous shale, and buff- 

tan massive sugary dolomitic limestone. Upper 

2 feet green-gray dolomitic shale; weathers 

green and buff. Dolomite increases upward. 

Stellate crinoid stems common on some beds.. 75-8 23-24 
Shale and limestone: dull-maroon, finely arenace- 

ous, calcareous, thick-bedded shale, and dull 

tan-gray, sugary limestone. One 8- to 11-inch 

bed in middle weathers buff-tan. Some argil- 

laceous limestone finely banded. Weathers dull- 

maroon and light-tan. Graptolites in basal foot 5 15 
Shale and limestone: dull-maroon, chunky or thick- 

bedded, finely micaceous, calcareous shale, and 

maroon and gray, coarse-grained, sugary (dolo- 

mitic) limestone, and one bed of edgewise con- 

glomerate. Contains pebbles as much as 6% 

inches in length, and seems to be true breccia. 

A few beds of arenaceous or dolomitic lime- 

stone in upper part. Interval weathers buff and 
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Limestone: one bed: red, coarse-grained, contains 
tiny spots or grains of glauconite and limonite. 
Forms part of maroon cliffs.................. 

Shale, conglomerate, and limestone: maroon, sandy, 
chunky, and rarely fissile shale, interbedded 
with thick (2 to 10 inches) beds of intraforma- 
tional conglomerate and rusty-gray limestone, 
and a few beds of green shale bands or laminae. 
Weathers deep-maroon, and forms cliffs. Fossil 
loc. 63-5 in basal intraformational conglome- 
rate. One poorly preserved head of Dikeloce- 


Total thickness of Grove Creek member... . 


Snowy Range member 


Shale and conglomerate: gray, extremely calcareous, 
fissile shale, little green, and much maroon 
shale, interbedded with 2- to 8-inch beds of in- 
traformational conglomerate containing red and 

Conglomerate: dull-gray, crystalline matrix, and 
green and red, flattened rounded pebbies..... 

Shale and limestone: green and dull purple-maroon, 
finely arenaceous, chunky and some fissile shale, 
and intercalated thin-bedded limestones. A 
few beds of intraformational conglomerate. 
Maroon color increases upwards. Beds weather 

Conglomerate: gray matrix, dark-gray pebbles, 
large and flattened; contains tan-buff clay flakes 

Shale and limestone: green, fissile shale, and inter- 
calated green-gray platy or shaly limestone; 

Limestone: tan-gray, slightly lithographic, devel- 
oped as rounded heads or hemispheres, 3 to 4 
feet in diameter; contains green limestone 
nodules as much as % inch in length, and tan 
clay flakes and stringers in upper part. Weath- 
ers dull-gray ; clay weathers drab-tan and in re- 
lief. On side surfaces are wavy laminae which 
simulate small Collenia (wave-length 144 to 2 
inches). This may be an algal reef (bioherm) . 

Limestone, conglomerate, and shale: dull-tan, argil- 
laceous limestone, intraformational conglome- 
rate, and green and green-tan, arenaceous, cal- 
careous, chunky shale. Conglomerate pebbles 
green and red in several beds which also con- 
tain much bright orange-tan clay............. 


Feet Meters 
3 0.9 
13.5 41 
8 24 
1-15 03-05 
47 143 
1-15 03-05 
25 08 
2 06 

6 18 


Feet Meters 
40 123 
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Total 
Feet Meters Feet Meters 


Shale, conglomerate, and limestone: dull-green 

shale, thick-bedded intraformational conglome- 

rate and breccia, and a few thinner-bedded 

limestones. Conglomerate and limestone con- 

tains much bright-tan clay flakes. Interval 

Interval covered: intraformational breccia and con- 

glomerate in upper part. Seems to be underlain 

by green calcareous shale and platy limestone. . 42 12.8 
Shale, conglomerate, and limestone: green, chunky, 

calcareous shale, and interbedded dull- and tan- 

gray, thick-bedded intraformational conglome- 

rates and thinner-bedded limestones. Clay 


flakes common. Beds weather dull gray-green 16 49 
Shale: pale-green, chunky, extremely calcareous... 3.5 1.1 
Limestone: dove-gray, lithographic; contains no- 

dules of green soft clay...................... 15 0.5 


Shale, limestone, and conglomerate: green, finely 

arenaceous, very slightly micaceous shale, inter- 

bedded with platy limestone and thick-bedded 

intraformational conglomerate. Beds weather 

Limestone: dull tan-gray, coarsely crystalline and 

nearly lithographic in alternate areas; lower 

bed darker-tan and weathers tan. Forms ledge 

here. Ptychaspis in lower tan beds. Fossil loc. 

Shale and limestone: green, soft shale, and inter- 

calated gray lenticular or nodular limestones, 

and interbedded intraformational conglomerate. 

Basal 2 feet contains fossil loc. 63-3........... 6 18 

Fossiis: Small brachiopods 
Elvinia n. sp. 
Pterocephalia n. sp. 


Limestone and shale: gray, finely arenaceous, platy 
limestone banded tan-gray, contains sandy clay 
and interbedded tan-buff arenaceous shale part- 
Total thickness of Snowy Range member. . 308 93.9 


Maurice member 
Shale, limestone, and conglomerate: dull-green, 
fissile shale in 2- to 6-inch zones, interbedded 
with fine-grained limestone in lower part and 
tan-gray, hard, intraformational conglomerate 
in middle and upper parts. Conglomerate con- 
tains few pebbles of pale-maroon, argillaceous 
limestone which weathers dark-red............ 45 14 


i 
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Sandstone and limestone: dull-green, friable shaly 
sandstone, interbedded with dull-gray and in 
upper part tan-gray limestone in beds % to 5 
inches thick; contains much glauconite and 
a few pebbles of limestone in upper part. Con- 

Limestone: dull-gray and dull tan-gray in lower 
part, deeper tan in upper part, medium- and 
coarse-grained, massive, hard, thick- and thin- 
bedded; contains buff clay flakes and partings 
in some beds, and in upper third much glauco- 
nite and limonitic bright-tan clay flakes. In- 
terval forms top of cliffs and weathers drab-tan. 
Several intercalated intraformational conglomer- 
ates irregularly separated .................... 

Limestone: one bed: light-tan and dark-gray mot- 
tled; contains few scattered large oolites...... 

Limestone: dark tan-gray, medium- and coarse- 
grained in %4- to 8-inch beds, irregularly bedded 
and occasionally banded buff-tan; contains ir- 
regular bands and flakes of buff-tan clay ; weath- 
ers tan and forms thin-bedded zone below upper 
part of sheer cliffs. Fossil loc. 63-2 3 feet be- 


Fossits: Blountia sp. 
Kingstonia sp. 
Tricrepicephalus sp. 


Limestone and conglomerate: dull- and tan-gray, 
medium-coarse-grained, in beds 2 to 12 inches 
thick; contains glauconite and _bright-tan 
limonitic grains, and a few intercalated intra- 
formational conglomerates which contain small 
pebbles and arenaceous clay partings. Forms 

Limestone and conglomerate: dark-gray, fine- and 
medium-grained, thin-bedded; contains glauco- 
nite and few large oolites and trilobite frag- 
ments in upper part. A few thin and poorly 
developed intraformational conglomerates in 
upper part which contains much arenaceous 
drab clay partings and flakes. Weathers to 
friable beds and forms undercut in cliffs here. . 

Limestone: one or two beds: pale tan-gray and 
gray, fine-grained; contains nodules and flakes 

Limestone and conglomerate: tan-gray finely crys- 
talline and medium-grained, thin- nodular- and 
irregular-bedded, some beds contain spots or 
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45 
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25 


115 


75 


45 


Meters 
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nodules of buff clay. Intraformational con- 
glomerate and buff, finely arenaceous clay part- 
ings interbedded; forms part of cliffs here..... 
Limestone and conglomerate: dark tan-gray, me- 
dium-grained, thin- and some thick-bedded 
slightly banded limestone, and few intercalated 
intraformational conglomerates which contain 
small pebbles. Limestone more sandy in lower 
part; buff bands %4- to l-inch thick. Rare 
oolites in upper part. Weathers gray and buff 
Limestone: tan and gray, medium-grained, and ir- 
regular thin bands of buff calcareous soft sand- 
stone and arenaceous limestone; weathers tan. 
Limestones generally thin-bedded (% to 2 
inches). Forms part of cliff here.............. 
Limestone, conglomerate, and shale: tan- and dull- 
gray, finely crystalline, thick-bedded, banded, 
and separated by %4- to 2-inch partings of drab- 
tan fissile clay shale and thick beds of intra- 
formational conglomerate. Forms part of cliff. 
Limestone, shale, and conglomerate: tan- and green- 
gray, crystalline, banded, more or less micaceous 
limestone and interbedded green shale. In 
upper part thick intercalated beds of intraforma- 
tional conglomerate. Forms base of cliffs. Fos- 
sil loc. 63-1 8 feet above base................. 


Fossits: Arapahoia spatulata Miller 
Arapahoia typa Miller 
Blountia dunoirensis? Miller 


Limestone, shale, and conglomerate: gray, platy and 
irregularly bedded arenaceous limestone, and 
interbedded green and gray, micaceous, arena- 
ceous shale, and occasional intraformational con- 
glomerate. Dicellomus? and Arapahoia? occur 

Total thickness of Maurice member...... 
Total thickness of Boysen formation (total 


MIDDLE CAMBRIAN 


Depass formation (type locality) 
Gros Ventre member 


Shale, limestone, and conglomerate: green and in 
upper part a 14-inch zone of chocolate-maroon, 
very slightly micaceous shale, and interbedded 
thin arenaceous limestones. At top thick beds 


Feet 


85 


10.5 


45 


62 


-—Total—, 
Meters Feet Meters 
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14 
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of intraformational conglomeraies. Shale con- 
tains new genera of Middle ? Cambrian trilo- 
bites near base of interval. Fossil loc. 62-5.... 
Shale, limestone, and conglomerate: green and gray, 
fissile shale in 18- to 24-inch zones interbedded 
with %4- to 4-inch beds of tan-gray, crystalline 
limestone. One 11- to 12-inch bed of intraforma- 
tional conglomerate 15 feet below top of in- 
Shale, limestone, sandstone, and conglomerate: 
green-gray and maroon shale in lower part in- 
terbedded with calcareous, platy, finely banded 
sandstone and arenaceous limestone. Limestone 
increases upward. At top 4- to 6-inch bed of 
intraformational conglomerate which contains 
glauconite grains. Interval weathers buff-green 
Shale, sandstone, and limestone: green and choco- 
late-maroon, arenaceous, micaceous, chunky 
and little fissile shale, and interbedded micace- 
ous calcareous, finely banded or laminated tan 
sandstone. In upper half tan and gray-tan, 
arenaceous limestone in 1- to 6-inch beds. 
Fossil loc. 62-4 in upper third of interval...... 


Fosstts: Glyphaspis heads. 


Shale and sandstone: green, gray, and maroon 
sandy shale and sandstone, and several 4- to 
6-inch beds of tan-gray sandstone containing 

Sandstone: green, micaceous, chunky and slightly 
shaly, interbedded with tan-g.ay, banded brown, 
thick-bedded sandstone; weathers drab tan- 

Sandstone: white, buff-gray, calcareous, thick-bed- 
bed; contains brachiopod fragments; weathers 

Shale and sandstone: dark-gray, green, and maroon, 
fissile and chunky, micaceous, slightly arenace- 
ous shale; contains many worm tubes and much 
glauconite. Some beds of nearly pure green- 

Shale and sandstone: similar to underlying interval, 
but more light-gray sandstone in lower part 
which contains trilobite heads. Interval capped 
by 4- to 6-inch bed of maroon sandstone. 
Fossil loc. 62-3 in lower part................. 
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Fossits: Glyphaspis sp. 


Shale and sandstone: similar to underlying interval, 
but contains a few beds of nearly pure green- 
sand, and others of oolitic hematite. Thin beds 
(% to % inch) of tan-gray calcareous sand- 
stone in upper part; all more or less micaceous. 
Green-gray banded sandstone in lower part.... 

Shale and sandstone: dull-green, maroon, and gray- 
green, fissile, chunky, slightly micaceous shale, 
and interbedded green-gray, tan, and some 
deep-maroon sandstone which contains worm 
trails and tubes in lower beds. Section ex- 
hibits alternate color bands, 8 to 15 feet thick, 
of green and maroon. Much glauconite in some 
beds. Fossil loc. 66-2 in lower part. Trilo- 
bites in both shale and sandstone............. 

Total thickness of Gros Ventre member. . 


Flathead member 
Sandstone and shale: tan-gray, fine-grained (sugary) 
and medium-grained, medium-bedded sand- 
stone, and interbedded green, micaceous, are- 
naceous shale. In upper part coarse-grained 
glauconitic thin-bedded sandstone. Similar to 
top of Flathead sandstone on Crowfoot Ridge . 
Sandstone: one bed: tan-gray, coarse-grained, 
quartzitic; weathers tan, and is harder- and 
coarser-grained than underlying beds, and forms 
ledge. This bed traced east %o mile and above 
part of section measured upward from that 
point east of Barney Smith’s cabin........... 
Shale and sandstone: green-tan, arenaceous, mica- 
ceous shale, and interbedded white-gray calca- 
reous sandstone in beds 2 to 5 inches thick, and 
some red sandstone at top; weathers tan...... 
Sandstone: white-gray thick-bedded (2 to 7 feet), 
and tan-gray, thin-bedded, fine- to medium- 
grained sandstone, and some intercalated green 
Sandstone: white-gray, coarse-grained, very slightly 
calcareous, quartzitic, cross-bedded; weathers 


Sandstone and shale: maroon and tan sandstone in 
in lower part interbedded with green arenaceous 
shale and friable sandstone. At middle and 
upper parts a few thick beds (4 to 8 inches) of 
tan, coarse-grained sandstone. Upper four feet 
of green, fissile shale. One bed, 10 feet below 
top, of drab sandstone which contains irregular 
nodules and areas of limonitic dark-brown clay 


Feet Meters 
44 134 
38 11.6 

7 2:1 
12 03-06 
5 15 
10 3.0 
15 0.5 
34 10.4 
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Sandstone: dark-maroon, coarse-grained, in beds 2 
to 8 inches thick; contains corneous brachio- 
pods like those at nearly same horizon on Crow- 
foot Ridge (Deiss, 1936, p. 1822). Fossil loc. 

Fossits: “Lingulepis” sp. 


Sandstone and shale: green, fine-grained, argillace- 
ous, friable to chunky soft sandstone and are- 
naceous shale which contains worm tubes in 
upper part. But little green fissile shale. A 
few 4- to 6-inch beds of pale tan-gray, coarse- 
grained sandstone which contains corneous 
brachiopods as in fossil loc. 62-1. Weathers 
rusty-tan, and forms partly covered slope...... 

Shale and sandstone: green, micaceous, fissile and 
chunky shale in zones 5 feet to 3 inches thick, 
interbedded with light buff-gray, medium- 
grained sandstone in beds % to 12 inches thick. 
At upper two-thirds, one 10- to 13-inch bed of 
sandstone; pale tan-gray, and contains dark- 
maroon oval micaceous areas % to 1 inch in 
length; weathers deep-tan. Interval weathers 
drab-green, and forms upper part of broken 
cliffs here. Corneous brachiopods present in 

Sandstone: two beds: light-green- and tan-gray, 
medium-grained ; contains occasional green clay 
flakes in upper part, and few brachiopod frag- 
ments in lower part; weathers rusty-tan...... 

Shale and sandstone: green, fissile, micaceous shale 
spotted with limonite, and a few intercalated 
tan-gray, thin-bedded (4% to 1% inches) sand- 

Sandstone and shale: tan-gray, strongly cross-bed- 
ded, in beds as much as 6 feet thick which pass 
laterally into thin beds, and 2 zones of drab- 
green shale 12 to 14 inches thick............. 

Shale and sandstone: green, micaceous, slightly 
fissile and chunky shale in 2- to 4-inch zones, 
and interbedded reddish-tan-gray thin-bedded 
(114 to 5 inches) sandstone which contains large 
and small worm tubes. Sandstone increases in 
amount upward. Interval weathered to under- 

Sandstone: green-tan and pale red-tan-gray, me- 
dium-grained, extremely thick-bedded massive 
sandstone; contains Scolithes? in thicker beds. 
One or two thin zones of green micaceous shale 
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Sandstone: pale buff-gray, medium-grained (sugary) 
in beds 3 inches to 4 feet thick; contains coarse 
quartz grains or tiny pebbles concentrated in 
irregular nodular masses which weather in relief 
on bedding surfaces and are deep-brown on 
fresh fracture. Scolithes? numerous in 10 feet 
of thickness of upper part. Pebbles of quartz 
also occur in thin lenses and bands. Upper and 
lower beds strongly cross-bedded. Interval 
weathers greenish tan. Section traced east %o 
mile from cliff above main road, by means of 

Sandstone and shale: similar to underlying interval, 
but contains more shale. Interval largely cov- 
ered 

Sandstone and shale: white-gray, buff, and red, 
coarse- and medium-grained, slightly friable and 
arkosic sandstone in beds 1 to 4% feet thick. 
Much cross-bedding, and inter-bedded dull-ma- 
roon and little green-gray micaceous chunky 
to very slightly fissile shale. A few small thin 
lenses of pebbles or larger quartz grains, and 
much limonite in all sandstones. Shale in zones 
5 to 11 inches, thick. All beds irregular or len- 
ticular. Interval weathers rusty red-brown. 
Forms cliff on north side of mouth of Smith’s 


Arkose: tan and purple banded, coarse-grained, 
thick-bedded (1 to 3 feet). Many white, glassy 
quartz grains as much as % inch in diameter, 
and many pink orthoclase grains; weathers 
rusty-tan and reddish-brown.................. 

Arkose: white, red, and tan, coarse-grained; con- 
tains angular grains of white and pale buff 
quartz as much as %4 inch but average less than 
1% inch in diameter. Few pebbles rounded. 
Contains much limonite. Basal beds frangible 


Total thickness of Flathead member...... 
Total thickness of Depass formation (Total 
Middle Cambrian) 
Total thickness of Wind River Canyon 
Cambrian section 


Feet 


32 


12 


55-6 
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Meters Feet Meters 
98 
3.7 
19.2 
16-18 
0.2-0.3 
280 85.5 
580 177.0 
1110 338.8 


Note: The Cambrian here rests upon “Archean” granite weathered to a depth of 


5 to 10 feet. 


The contact is clean, and intergradation between the Flathead and 


granite is not developed. Elsewhere in the Wind River Canyon the Depass (Flat- 


head) formation rests upon pre-Cambrian schists, much metamo! 


hosed clastic sedi- 


ments and granite. The pre-Cambrian surface was eroded to a relief of 30 to 45 feet, 
and the thickness of the Flathead member of the Depass formation varies in that 


amount in different parts of the canyon. 
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WIND RIVER CANYON SECTION, WYOMING. MILLER 1936 
ORIGINAL SECTION EMENDED SECTION 
Ordovician Bighorn dolomite 
/ Grove Creek member 40 
4 
/ 
Bighorn formation yf 
Ordovician dolomite f 
= Boysen formation 530 feet 
Pterocephalia zone 
Gallatin formation P>—=——— 265 feet Aphelaspis founa 
217) Toenicephalus cordillerensis Tricrepicephalus fauna 
; Maurice member 182 feet 
DuNoir member 42 feet 217] Arapahoia fauna 
Upper-Middle Arapahoia spotulete Undescribed trilobites 
Boundary 
— 
27144 “Glyphaspis’ fauno 
Gros Ventre member 300 feet | 
Glyphaspis fauna i 
—— 
Depass formation 627 feet = 
Depass formation 580 feet 
: 
“Lingulepis” zone | 
Flathead member 24280 feet 
"Scolithus” zone 
"Scolithus® | 
Pre-Cambrian granite ~ “Pre-Beltian granite 


Ficure 3. Comparison of Miller’s original and the emended Wind River Canyon 
sections 


Comparison of the original and emended Wind River Canyon sections 
(Fig. 3) shows three errors in the original: (1) the total thickness of the 
Cambrian rocks is 1,110 instead of 892 feet; (2) the Upper Cambrian 
rocks are twice the thickness originally shown, 530 instead of 265 feet; 
and (3) the Maurice member is more than four times thicker than origi- 
nally given for the DuNoir member which it replaces. 
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CAMBRIAN FORMATIONS IN WIND RIVER CANYON 


General statement—The original nomenclature and definitions of for- 
mations in the Wind River Canyon section must be revised. 

In his section, Miller (1936b, p. 136) listed Arapahoia spatulata, A. sp. 
ef. A. typa, Dicellomus nana, Linnarsonella tennesseensis, and L. sp. cf. 
L. modesta from the upper 60 feet of the Depass formation. This fauna 
conclusively indicates the Upper Cambrian age of the rocks, and Miller 
himself correlated these beds with the Mount Simon formation of the 
standard Upper Cambrian section. However, most of the rocks compris- 
ing the original Depass formation are of Middle Cambrian age, as Miller 
believed, and are now known to contain trilobites more similar to some 
in the Wolsey shale than to any other known genera (Deiss, 1936, p. 1330). 

The fact that the Depass formation as originally defined contained both 
Middle and Upper Cambrian rocks makes the formation untenable, and 
necessitates its redefinition and restriction to one geologic epoch. Miller 
(1936a, p. 23-24) stated that: 

“. . . Toward the east also rock types characteristic of the Flathead formation appear 
at progressively higher horizons in the lower part of the Gros Ventre formation, the 
sandstone and shale facies becoming so mixed that the two formations are not 
separable.” 

On the contrary, a relatively sharp change of lithology occurs in the Wind 
River Canyon section at a point 280 feet above the base of the Depass; 
the sandstones giving way to shales which, in turn, grade upward into 
interbedded limestones, shales, sandstones, and intraformational conglom- 
erates (Fig. 3). Consequently, the need for the name Depass formation 
in the eastern part of the Owl Creek Mountains is not imperative, but is 
retained as it may be useful to tectonic students working in western cen- 
tral Wyoming. 


Depass formation: emended definition—The Depass formation is re- 
defined to include all beds in the type locality (Wind River Canyon) be- 
tween the Cambrian- pre-Cambrian contact and the base of the Boysen 
formation (Upper Cambrian). Unfortunately, the exact position of the 
Middle-Upper Cambrian boundary in the area cannot be drawn upon 
evidence from fossils. The top of the Depass is arbitrarily placed at the 
top of two thick beds of intraformational conglomerate which lie upon 
a 14-inch shale zone containing new genera of Middle Cambrian trilobites, 
and 12 feet below the lowest horizon containing Arapahoia? sp. and Dicel- 
lomus? sp. The Depass formation is divided solely upon lithology into 
two members: a basal Flathead sandstone member, and an upper Gros 
Ventre member, both of which appear to be Middle Cambrian in the Wind 
River Canyon. 
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The Flathead sandstone member consists of tan, white-gray, greenish, 
and, near the base, purple sandstones interbedded with drab-green and 
gray shales in zones half an inch to 2 feet in thickness. The basal 6 feet 
of sandstone is feldspathic and contains relatively larger and more numer- 
ous quartz pebbles than do the higher beds. Cross-bedding is irregularly 
developed, and is more pronounced in the lower 70 feet. Vertical borings 
(Scolithus?) are numerous between 85 and 125 feet above the base. The 
interbedded shale is micaceous and arenaceous, contains numerous worm 
tubes and trails in some beds, and is greater in amount in the Wind River 
Canyon than in any of the exposures of the Flathead in Montana. 

The Gros Ventre member consists of a basal 80-foot zone of dull- 
green, maroon, gray, and purple, fissile and chunky, micaceous, arenaceous 
to pure shales and thin intercalated green sandstones. Glyphaspis-like 
trilobites are preserved in the shales of the lower 15 feet. A few beds of 
nearly pure green sands (glauconite) occur in the upper part of this zone. 
The beds above the basal shale zone are mixed shales and sandstones 
throughout a thickness of 100 feet. The shales are similar lithologically 
to those in the basal 80-foot zone, but the sandstones are more abundant 
and are lighter gray, and some contain nearly as much glauconite as the 
lower greensand beds. New genera of trilobites (heads only) are numerous 
but are poorly preserved in the basal sandstones of this zone. The upper 
120-foot zone of the Gros Ventre member consists of interbedded shales, 
sandstones, thin limestones, and thicker beds of intraformational conglom- 
erates. The sandstones are more or less calcareous and platy; the lime- 
stones generally thin-bedded and widely separated; and the conglomerates 
which first appear 60 feet above the base increase in amount and thickness 
upward. The upper 68 feet of beds are lithologically similar to those in 
the lower 60 feet of the overlying Boysen (Upper Cambrian) ; the two 
being inseparable lithologically. Middle Cambrian trilobites (new gen- 
era) occur 20 feet above the base and 2 feet below the top of the zone. 
Miller assigned most of the Upper Cambrian rocks in the Wind River 
Canyon to the Gallatin formation of Peale (1893, p. 22-25). Unfortu- 
nately, the name Gallatin was dropped by the United States Geological 
Survey in 1900. Miller followed Blackwelder (1918, p. 417-418) in using 
the term Gallatin. Blackwelder’s use of the term Gallatin formation in 
1918, after the term had been dropped in 1900, was unfortunate and has 
caused confusion in the Cambrian nomenclature of Montana and Wyo- 
ming. This problem was recently discussed elsewhere (Deiss, 1936, p. 
1340-1341) and need not be repeated here. The term Gallatin as a forma- 
tional name is now invalid even in Montana, and cannot be used in the 
Wind River Canyon area where Cambrian beds are much younger than 
in the original type locality of the Gallatin. Because of these facts the 
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name, Gallatin formation, is here replaced by Boysen formation, to indi- 
cate the Upper Cambrian rocks in the Wind River Canyon. 

Lochman located the Upper Cambrian faunal zones in the Wind River 
Canyon section, and subdivided the Boysen formation into three lithic 
units which contain genera similar to those in the Maurice, Snowy Range, 
and Grove Creek formations of Dorf and Lochman (1937, p. 74-75) in 
southern Montana. The writer measured the emended section (p. 27-31) 
and defined the lithologic formation and members. 


Boysen formation: original definition—The Boysen consists of the 
Upper Cambrian rocks in the Wind River Canyon which lie between the 
Depass (Middle Cambrian) and the Big Horn (Ordovician) formations. 
The rocks are massive limestones, intraformational conglomerates, and 
shales in the basal 182 feet (Maurice member); shales, thin limestones, 
and thick-bedded intraformational conglomerates in the overlying 308 
feet (Snowy Range member) ; and maroon and buff dolomitic shales, mud- 
stones, and edgewise conglomerates in the upper 40 feet (Grove Creek 
member). The type locality of the formation is the section east of Smith’s 
cabin, approximately 2 miles north of Boysen Dam, from which the forma- 
tion takes its name. 

The DuNoir member (Miller, 1936, p. 136) in the Wind River Canyon 
was given as 42 feet of massive limestone and intraformational conglom- 
erate containing Tricrepicephalus tripunctatus and Maryvillia sp. and 
forming the lower part of the Gallatin formation. As the Upper-Middle 
Cambrian boundary is nearly 100 feet below the base of Miller’s DuNoir, 
the member would have to be redefined to include many feet of beds which 
he assigned to the Middle Cambrian. Consequently, the DuNoir member 
is not recognizable in the Wind River Canyon, and the lower member of 
the Boysen is called the Maurice member, to imply its correlation with 
that formation in Beartooth Butte. 

The Maurice member exhibits a basal 62-foot zone of interbedded green 
shale, thin limestone, and thicker beds of intraformational conglomerate; 
is similar to the upper part of the Gros Ventre member of the Depass; and 
contains doubtful Arapahoia and Dicellomus. Overlying the basal 62 
feet is a 110-foot zone of massive, hard, thick- and thin-bedded limestones, 
intraformational conglomerates, and numerous thin green shale partings. 
Arapahoia spatulata Miller, A. typa? Miller, and Blountia dunoirensis? 
Miller occur 8 feet above the base, and Blountia, Kingstonia, and Tricrepi- 
cephalus 16 feet below the top of this zone. A 2%%-foot bed of typical 
mottled limestone is 11 feet below the top. The rocks of this zone form 
cliffs throughout the area (Pl. 1). The upper 9 feet of the Maurice mem- 
ber consist of interbedded shale, limestone, intraformational conglomerate, 
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and calcareous sandstone; form a bench just above the cliffs; and contain 
an Aphelaspis fauna. 

The Snowy Range member consists of interbedded greenish shale, shaly 
and thicker-bedded limestone, and widely spaced thick-bedded intra- 
formational conglomerate. An Algal-like reef of limestone, 2 feet thick, 
occurs 60 feet below the top of the member. The soft shales of the Snowy 
Range member weather to steep slopes which are usually much covered 
with talus from the Big Horn dolomite. Pterocephalia and Elvinia occur 
15 feet above the base, and a Ptychaspis fauna 145 feet above the base, 
indicating that the Snowy Range is, in part at least, of Franconia age. 

The Grove Creek member which forms the upper 40 feet of the Boysen 
formation consists of green and maroon sandy shale, impure limestone 
and intraformational conglomerate in the lower 13 feet, overlain by 25 
feet of irregularly bedded maroon chunky dolomitic shale, impure lime- 
stones, dolomite, and edgewise conglomerate. Stellate crinoid stems and 
poorly preserved graptolites occur within the upper 10 feet. The upper 
2 feet of the Grove Creek member are green and buff, calcareous and 
dolomitic shales. The basal intraformational conglomerate contains rare 
cranidia of Dikelocephalus which indicate the Trempealeau age of the 
Grove Creek member. 


BLACKSMITH FORK AREA, UTAH 
LOCATION OF AREA 


Blacksmith Fork, a tributary of Logan River, flows west across two- 
thirds of the Logan quadrangle in Cache County, where it has cut a deep 
canyon in the Wasatch Range. Blacksmith Fork is approximately 25 
miles south of the Idaho-Utah boundary, 37 miles southwest of the St. 
Charles Creek Cambrian section (Mansfield, 1927, pl. 21 C), and 50 miles 
south of Liberty, Idaho (Fig. 1). The Randolph quadrangle, in which 
Richardson (1913, p. 406-408) measured his Cambrian section, is east of, 
and contiguous to, the Logan quadrangle. In relation to the other sections 
described in this paper, Blacksmith Fork is approximately 200 miles south- 
west of Wind River Canyon in central Wyoming, 425 miles south of the 
Lewis and Clark Range in northwestern Montana, and 200 miles northeast 
of the House Range in western Utah (Fig. 1). 


SUMMARY OF PREVIOUS WORK IN BLACKSMITH FORK AREA 


The first work on the Cambrian rocks of the Blacksmith Fork area 
was done in connection with the exploration of the fortieth parallel, in 
1878, when the undivided Cambrian rocks were mapped in northeastern 
Utah (King, 1878, p. 154, atlas map 3). 

In 1908, after two seasons of field work by Weeks, Burling, and 
Walcott, in the Wasatch and Bear River ranges of Utah and Idaho, 
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Walcott published the original Blacksmith Fork Cambrian section 
(Walcott, 1908b, p. 190-200). In the same year he also published defi- 
nitions of new formations from the same areas (Walcott, 1908a, p. 5-9). 
Although he indicated various localities in Idaho as the types of his 
new formations, he referred to the Blacksmith Fork section as the 
best or most accessible exposure of each, except the Spence shale and 
the Brigham quartzite, and designated the Blacksmith Fork section as 
the type of the Blacksmith, Ute, and Langston formations. In 1912, 
Walcott quoted his Blacksmith Fork section, gave faunal lists and fossil 
localities, and indicated the stratigraphic horizons of other fossil local- 
ities in Idaho and Utah (Walcott, 1912, p. 148-153). 

Richardson (1913, p. 406-408) published a brief account of his work 
in the Randolph quadrangle, and gave a generalized section which he 
measured west of Garden City, Utah, approximately 25 miles northeast 
of Blacksmith Fork. Richardson (1913, p. 406) noted that: “The 
Cambrian section in the Randolph quadrangle is essentially that de- 
scribed by Walcott as occurring in Blacksmith Fork, Utah.” He also 
defined a basal shale (350 feet) of the Middle Cambrian Bloomington 
formation as the Hodges shale member, and the basal arenaceous beds 
(300 feet) of the Upper Cambrian St. Charles formation as the Worm 
Creek quartzite member. 

Geologists of the United States Geological Survey worked in south- 
eastern Idaho from 1909 to 1916, and used Walcott’s formational names 
taken from the Blacksmith Fork section and from southern Idaho. In 
one of the reports upon that field work, Mansfield (1927, p. 52-56) 
described and gave a generalized section of the Cambrian rocks, again 
using Walcott’s formational names. Mansfield also recognized Rich- 
ardson’s Hodges shale and Worm Creek quartzite in southeastern Idaho. 

In 1937, the writer made a short reconnaissance over the St. Charles 
and Mill Creek areas west and south of Liberty, Idaho, and in Black- 
smith Fork Canyon and adjacent parts of the Wasatch Range in Utah; 
and then remeasured the Cambrian section in Blacksmith Fork Can- 
yon. This section is given here. 


BLACKSMITH FORK SECTION 


Walcott (1908b, p. 191) described the locality of his original Black- 
smith Fork section as: “Wasatch Mountains, between Ute and Logan 
Peaks, in Blacksmith Fork Canyon, east side of Cache Valley, and 
12 to 16 miles east of Hyrum, in northern Utah.” The area 12 to 16 
miles east of Hyrum is much covered by alluvium and soil, and con- 
sists largely of gently dipping Brigham quartzite, but a complete Cam- 
brian section is not present. 
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The Cambrian section in Blacksmith Fork is moderately well exposed 
from the upper part of the Brigham quartzite to the base of the Ordo- 
vician limestones. The emended section was measured from a point 
opposite the mouth of South Cottonwood Canyon, westward along the 
north side and upon the spurs between the tributary valleys of Black- 
smith Fork, to a point approximately a mile east of the mouth of Left 
Fork of Blacksmith Fork. The section is not continuously exposed, 
but by tracing recognizable horizons from one spur to the next a nearly 
complete Cambrian section can be obtained. In contrast to the con- 
ditions in most mountainous regions, where the best exposures are usually 
on the divide ridges between streams, in this part of the Wasatch Moun- 
tains the ridges and upland areas are covered with dense growths of 
grass and aspen, and outcrops are rare. Consequently, the Blacksmith 
Fork section is best exposed between the bottom of the valley and a 
point 1,500 feet above it. 


r——Total—_, 
Feet Meters Feet Meters 
ORDOVICIAN 


Dolomite: light-gray, medium-grained, thick-bed- 

ded, fossiliferous; forms white-gray cliffs and 

breaks down to buff slopes in places. Lower beds 

of black-gray petroliferous dolomite contain 

Halysites catenulatus (Linné), and Streptolasma 

sp. Fossil loc. 55-4. Not measured. 
Dolomite: black- and dark steel-gray, cherty, fossil- 

iferous, thick-bedded. Weathers dark-gray and 

Dolomite: similar to overlying; cliff-forming. Lower 

part weathers dull-gray and to rounded blocks 98 29.9 


Dolomite and shale: drab-gray, thin-bedded, 
banded, fine-grained dolomite, interbedded with 
green-gray micaceous shale which weathers tan 
and green-drab. Forms drab-brown slope..... 60 183 


Limestone: black-gray, thick-bedded, much ir- 

regular thin tan banding; weathers dull-gray, 

Limestone: blue-gray and gray, crystalline thick- 

bedded, and finer-grained thinner beds, fossil- 

iferous; weathers gray. Fossil loc. 55-3 top... 83 25.3 


Fossits: Orthis? sp. 
Two other genera of Brachiopods 
Indeterminable Trepostomata 
Maclurites? sp. 
Orthoceroids 
Trilobites 
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Limestone and chert: gray, fine- to medium-grained, 
thick- and thin-bedded limestone; contains 
some chert; a few beds stained red. Upper 12 
feet almost completely formed of chert. Fossil 


Fossits: Brachiopods 
Maclurites? sp. 
Indeterminable Ctenostomata 
Trilobites 


Limestone: similar to overlying interval, but con- 
tains irregular clay flakes and laminae which 
weather buff and in relief weathers gray, and 
forms cliffs. Fossil loc. 55-3 middle. Fauna as 
in overlying interval but fenestellids also present 

Limestone: similar to overlying, but thinner-bed- 
ded and less massive, and contains smaller 
amounts of chert. Fossil loc. 55-3 base....... 

Limestone: similar to overlying. Fossil loc. 55-2 

Limestone: dull-gray, fine-grained, thin- and thick- 
bedded; weathers gray and to rough points. 
Large ripple marks on thicker beds. Some in- 
traformational conglomerate in lower part. 
Fenestellid Bryozoa occur in middle of interval. 
Taken as base of Ordovician. Contact between 
Ordovician and Upper Cambrian uncertain here 

Total thickness measured of Ordovician. .. 


UPPER CAMBRIAN 


St. Charles formation 


Limestone and conglomerate: dull-gray, fine- 
grained thin- and thick-bedded limestone, and 
interbedded intraformational conglomerate. ... 


Limestone and conglomerate: blue- and dull-gray, 
fine-grained, thick- and thin-bedded limestone ; 
contains buff and reddish clay flakes, interbed- 
ded with intraformational conglomerate and 
thin-bedded argillaceous buff-weathering lime- 
stone. Some beds contain chert. Weathers ir- 
regularly and forms broken ledges and low 
cliffs. Fauna largely brachiopods. Fossil loc. 

Limestone: blue-gray and gray, medium crystalline, 
thick-bedded; contains little chert and is 
strongly banded, interbedded with argillaceous, 
thin-bedded, shaly limestone and much intra- 


Feet Meters 
74 22.6 
80 24.4 

16.5 

6.1 

93 28.4 
23 7.0 
87 26.5 


Meters 


237.0 
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formational conglomerate. Thicker beds con- 
tain pink and buff clay flakes*............... 
Limestone: dull-gray, thin- and little thick-bedded; 
contains clay flakes. Weathers gray and to buff 
slopes. A few beds contain worm tubes; many 
beds nodular. Fossils common but poorly pre- 
served. “Billingsella” numerous.............. 
Dolomite: similar to underlying, but ‘more in- 
terbedded white-gray, fine-grained dolomite 
which also weathers drab-brown. This inter- 
val may form top of “Worm Creek”? member 

Dolomite: drab- and dull-gray, medium-grained, 
thin- and thick-bedded, tiny quartz grains in 
some beds; weathers dirty-brown and forms 
tan slopes. Some beds weather to red and tan 
surfaces; a few weather gray................. 
Total thickness of St. Charles formation. . 

Total thickness of Upper Cambrian....... 


MIDDLE CAMBRIAN 

Nounan dolomite 

Dolomite: pale-gray, calcareous, in 3- to 24-inch 
beds; weathers light-gray and forms white- 
gray cliffs at top of Nounan and below drab- 
brown slope of basal St. Charles formation. ... 

Dolomite: light- and dull-gray, medium crystal- 
line, thin-bedded, more calcareous in upper 
part; weathers light-gray and forms cliffs..... 

Dolomite: lighter-gray upward, medium crystal- 
line, some beds oolitic; weathers light-gray 
and to rough surfaces, and forms cliffs....... 

Dolomite: gray, medium-grained, thick- and irreg- 
ular-bedded; contains pink and maroon clay 
flakes; weathers gray. Some beds oolitic..... 

Dolomite: pale- to faint green-gray, thin-bedded, 
banded strongly red; weathers drab-brown... . 

Dolomite: light-gray, crystalline, hard; some beds 
contain flakes or stringers 4% to % inch in 
width; weathers gray and forms ledge........ 

Dolomite: dull steel-gray, thick- and thin-bedded, 
massive, hard; contains many small oval con- 
cretions (Algae?) in some beds, others banded 
lighter gray. A few beds contain pale-red sili- 
ceous clay flakes and bands.................. 


Feet 


57 


78 


75 


Meters 


25.9 


17.4 


25.0 


20.2 


23.5 


16.8 


23.8 


14.0 


76 


6.1 


22.8 
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-—Total——, 
Feet Meters 
400 122.0 
400 122.0 


3 All of the section above this point was measured on the spur north of Blacksmith Fork and 
1.1 miles east of the mouth of Left Fork. This and the underlying part of the Upper Cambrian 
section could not be accurately ‘“‘tied in’, and consequently this 85 feet of the section may be 


inaccurate. 
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Dolomite: dark steel-gray, thick-bedded, hard; 
some beds contain tiny oval concretions or 
Algae; others are banded darker-gray. Weath- 
ers gray and forms tan soil................... 

Dolomite and limestone: white-gray, coarsely crys- 
talline, thick-bedded dolomite, interbedded 
with platy limestone. Interval partly covered 

Dolomite and limestone: interval much covered. 
Soil buff-tan, strewn with plates of gray and 
tan and dark-maroon weathered dolomite. 
Some gray dolomite contains bright-pink wavy 
clay bands. At top 4-foot bed of Algae 4 to 6 
inches in diameter. In middle is 6- to 8-foot 
zone of gray, coarsely crystalline dolomite..... 

Dolomite: pale-gray, thin- and _ thick-bedded; 
upper surface of beds rippled and troughs 
filled with coarsely crystalline pink and white 
calcite. Interval partly covered.............. 

Limestone: white-gray, massive; at base is 8-inch 
bed of black dolomite which contains white 
stringers or flakes % to % inch in width. Forms 

Limestone: white, stained pink, extremely thick- 
bedded; weathers white, stained pink, and to 
rounded surfaces. Forms clifis............... 

Dolomite and limestone: white and gray massive, 
thick-bedded dolomite and limestone in alter- 
nate beds; all forms cliffs. Limestone weath- 

Dolomite: gray, hard, thick- and thin-bedded; 
weathers gray; less resistant to weathering 

Limestone: gray, hard, thick-bedded, dolomitic; 
weathers gray and forms cliffs................ 

Total thickness of Nounan dolomite...... 


Bloomington limestone 


Dolomite: gray, fine-grained, in beds 2 to 6 inches 
thick; weathers gray and forms ledges........ 
Limestone, conglomerate, and shale: blue-black, 
fine-grained and oolitic limestone and intercal- 
ated beds of intraformational conglomerate, 
and some shale. Interval partly covered...... 
Shale and limestone: green-tan shale and shaly 
limestone; much covered .................... 


Feet Meters 
72 219 
63 19.2 
60 183 
54 165 

102 31.1 
25 76 
82 25.0 
50 15.2 
16 49 
14 43 
24 73 
14 43 
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r——Total——, 
Feet Meters 
900 274.3 


*The section was traced west on the beds which form the top of the white cliffs, to the next 
gulch on the north side of Blacksmith Fork, and continued northward there to the top of the range. 
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Limestone and dolomite: black-gray, thin-bedded 
massive limestone; upper 5 feet one bed of 
dolomite; interval partly covered ............ 

Limestone and conglomerate: gray, thin-bedded 
limestone inter-bedded with intraformational 
conglomerate. Interval much covered; may 

Limestone: gray and black-gray, pure limestone in 
beds 3 to 24 inches thick; weathers gray. A 
few beds of dolomitic limestone.............. 

Limestone: blue-gray, thick-bedded, dolomitic; 
weathers gray and to sugary surfaces......... 

Limestone: white-gray, platy and banded in lower 
fourth; blue-gray, thick-bedded in middle half, 
black-gray, thin-and platy-bedded in upper 
fourth; weathers to plates strewn over lighter 
buff soil than underlying interval, and forms 


Limestone: dark-gray, medium- to fine-grained, 
dolomitic; some beds banded gray on weath- 
ered surfaces. Weathers dull-gray and forms 

Limestone: dark blue-gray, thick- and thin-bedded; 
otherwise similar to underlying; weathers to 

Limestone: similar to underlying, but some beds 
banded with wavy dolomite layers; interval 

Limestone: similar to underlying, but some beds 
contain medium-sized oolites ................ 

Limestone: similar to underlying but weathers to 
rounded ledges, and upper bed contains nu- 
merous tiny oval concretions (Algae?)........ 

Limestone: blue-gray, fine-grained, hard, thick- 
and thin-bedded (3 feet to 6 inches); contains 
many clay flakes and nodules, and poorly pre- 
served fossils in basal bed; weathers to gray 

Limestone: blue-gray, thick- and thin-bedded; con- 
tains clay flakes, Acrotreta? and poorly pre- 
served trilobite cranidia...................... 
Thickness of this interval estimated, and may 
be incorrect. 

Limestone and shale: blue-gray, some petroliferous, 
oolitic limestone in middle part; contains many 
tan clay flakes; weathers gray; poorly exposed 


Feet 


81 


139 


67 


115 


100 


91 


Meters 


14.9 


25.9 


10.1 


14.0 


13.7 


24.7 
42.4 


20.6 


19.5 


30.5 


278 


1111 


r——Total——, 


Feet 


Meters 
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Limestone: dull blue-gray, nodular but massive- 
bedded, separated by zones of shaly limestone; 
contains many buff-weathering clay flakes; 
weathers gray and forms buff-tan slope........ 

Shale and limestone: green shaly and blue-gray 
shaly or thin-bedded limestone; weathers to 

Limestone and shale: gray, fine-grained, pure, ir- 
regularly bedded limestone; contains many 
green and tan clay flakes; weathers gray. Middle 
half gray-green, tough, micaceous, wavy-bedded 

Limestone, dolomite, conglomerate, and shale: 
mixed beds of brown, drab-green, and red, 
clayey, fissile shale, intercalated beds of dark- 
blue and blue-gray and gray, fine-grained, platy 
limestone; few beds of green-buff, micaceous 
arenaceous limestone; and many 1- to 6-inch 
beds of tan-gray and gray intraformational con- 
glomerate containing gray, fine-grained lime- 
stone pebbles. Many beds contain tan and 
pale-red siliceous clay flakes and bands. In 
upper part a few beds of dark-maroon, micace- 
ous shaly sandstone. Interval weathered buff- 
tan and forms slope. This and the overlying 
13-foot interval may be equivalent to Richard- 
son’s Hodges shale member (p. 1122).......... 

Total thickness of Bloomington limestone 

Blacksmith dolomite (type locality) 

Dolomite and limestone: dark lead-gray and blue- 
gray, fine-grained, thick- and _ thin-bedded; 
weather dull-gray and form top of Blacksmith 

Dolomite: light-gray, crystalline; weathers dull-gray 

Dolomite: dark- and light-gray alternate beds as 
much as 3 feet thick, medium- to fine-grained; 
contains irregular white dolomite blebs in upper 
8 feet; weathers dull-gray and forms cliffs. .... 

Dolomite: dull-gray, hard, massive, thick-bedded ; 
weathers drab-gray, and to sugary surfaces, and 

Dolomite: white-gray, hard, thick- and thin-bedded, 
finely banded; weathers white-gray, and forms 
upper part of white cliffs below dull lead-gray 

Dolomite: white- and dull-gray, hard, thick-bedded ; 
weathers white-gray and forms sheer cliffs... .. 


Feet Meters 
18 5.5 
38 116 
13 40 

150 458 
61 18.6 
25 76 
54 16.5 
55 168 
14 43 
50 153 


7——Total——, 
Feet Meters 
1275 389.1 


5 The section was traced west on the contact of the dark and white-gray beds to the cliffs at 
the road in Blacksmith Fork, and continued upward on the spur to the north. 
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Feet Meters Feet Meters 


Dolomite: white-gray, thick- and thin-bedded; 
upper beds finely banded, and duller gray... .. 43 
Limestone: dull-gray, dolomitic, in beds as much as 
3 feet thick; weathers dull-gray, and forms sheer 
Limestone: gray, thinner-bedded (8 to 30 inches), 
banded dark-gray, dolomitic; contains irregular 
markings of white dolomite.................. 50 153 
Dolomite: white-gray, massive, thick-bedded; 
weathers white-gray and to solution cavities on 
joint faces, and forms white-gray cliffs........ 63 19.2 
Dolomite: dull- and steel-gray, fine- to medium- 
grained, hard, banded; weathers dull-gray, but 
lighter than underlying cliffs.................. 51 15.6 
Total thickness of Blacksmith dolomite. .. 450 137.5 
Ute limestone (type locality) 
Limestone: similar to underlying, but occasionally 
interbedded with 1- to 2-foot zones in lower, 
and thicker beds in upper part which contain | 
¥Y4g- to %-inch oval concretions (Girvinella?). 
Forms top of drab-gray cliffs................. 126 38.4 
Limestone: dark blue-gray, thin-bedded but mas- 
sive; contains irregular flakes and nodules of 
tan- and red-weathering, siliceous clay; weath- 
ers dull-gray and to sharp points.............. 87 26.5 | 
Limestone: dark blue-gray, fine-grained, thin-bed- 
ded; contains flakes of tan and red siliceous ; 
clay; weathers to irregular gray pebbles. Soil 
of this and underlying two intervals weathers ; 
Limestone: gray, argillaceous, platy, streaked pink ; i 
weathers buff and pink. Upper two-thirds of 
interval covered; pebbles in soil are gray- 
weathering, fine-grained limestone............ 72 219 
Shale and limestone: green and olive-brown, tough, 
micaceous, chunky shale, and few intercalated 
gray-green, platy limestones. Interval weath- 
Limestone and shale: gray, thin-bedded, platy lime- 
stone; weathers buff; and interbedded micace- 
Limestone: blue-gray and gray, massive, hard, thick- 
and thin-bedded. Middle third oolitic and 
fossiliferous, as is also upper 2-foot bed which 
contains “Girvinella.” Fossil loc. 54-2 in upper 


Fossits: Anomalocephalus n. sp. 
Ehmaniella n. sp. 
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-—Total—_, 
Feet Meters Feet Meters 


Shale: drab-green and green-buff, tough, micaceous, 

lumpy, and few intercalated thin limestones; 

Limestone: dull-gray, fine-grained, thin- and flaggy- 

bedded ; weathers gray, and to irregularly wavy 

raised tan and red bands not visible on fresh 

fracture; forms ledge in slope................. 11 3.3 
Shale and limestone: green, calcareous shale and in- 

tercalated gray-black, platy, and gray thin- and 

irregular-bedded limestones; weathers to buff- 

tan slope. Interval much covered............ 45 13.7 
Shale: green and buff-green, fissile, clayey, minutely 

micaceous on some beds; weathers buff and 

green and contains numerous fossils. Fossil 


Fossits: Alokistocare sp. 
Elrathina? sp. 
Glossopleura producta (Hall and Whitfield) 
G, n. sp. 
Kochina n. sp. 
Micromitra sp. 
Total thickness of Ute limestone. ......... 685 208.6 


Langston limestone (type locality) 

Limestone: blue-gray, fine-grained, contains flakes 

of red and purple, finely arenaceous clay. Forms 

Limestone: blue- and black-gray, fine-grained, thick- 

bedded; weathers gray and forms part of gray 

Limestone: lead-gray, thick-bedded; weathers gray 

and to sharp points, and forms base of gray 

cliffs. Upper bed contains Algae? or minute 

Conglomerate: one bed: matrix tan-gray limestone; 

pebbles dull-gray, angular to flattened, a few 

sub-rounded, of gray and dark blue-gray pure 

limestone. Bed weathers gray and cavernous. . 6 18 
Dolomite: pale-gray, crystalline, thick-bedded; 

weathers buff-tan, and forms slope below gray 

cliffs and above red-brown cliffs and soil...... 75 22.8 
Limestone: same as underlying. These beds form 

dip-slope to top of knoll on east side of mouth 

of North Cottonwood Gulch®................ 6 18 
Limestone: pale-gray, crystalline, dolomitic, hard, 

and blue-gray, massive, thick-bedded oolitic and 


® This section was measured on the spur west of the first western tributary of North Cottonwood 
Creek, the section being traced and “‘tied in” upon the buff beds below the gray cliffs. 


3 
5 


BLACKSMITH FORK AREA, UTAH 1115 


r—Total——, 
Feet Meters Feet Meters 


dolomitic limestone. All weather rusty-brown, 

and form irregular bedding surfaces and small 

Dolomite: pale- and dull-gray, coarsely crystalline, 

and some finer-grained limestone; beds 6 to 24 

inches thick; weathers to deep red-brown soil 

and forms brown cliffs on west side near mouth 

of North Cottonwood Canyon................ 19 58 | 
Limestone: white-gray, medium-grained, very 

slightly dolomitic, in beds 1% to 3% feet thick; 

grayer and coarser-grained in upper half; all 

weather tan-gray. One Glyphaspis? head in 


Limestone: dull-gray, finely crystalline, slightly 

vitsoous, streaked tat. 5 15 
Limestone: lead-gray, fine-grained, thick-bedded; 

dolomitic; weathers rusty red-brown.......... 15 46 


Limestone: blue- and lead-gray, medium crystalline 
and some fine-grained, thick- and thin-bedded; 


Limestone: blue-gray, dolomitic, medium crystal- 
line, contains Algae as much as 1 inch in diam- 


weathers tan and forms slope................. 106 32.4 : 
Interval covered: pebbles in soil of pale-gray, 
coarse-grained dolomite ..................... 22 6.7 
Dolomite: blue-gray, mottled tan, medium-grained, 
hard; weathers buff-brown ................... 6 18 

} 


Dolomite: steel-blue-gray and some white-gray; 
weathers rusty-brown 7 2.1 


Dolomite: dull-gray, hard, massive, thick-bedded, 

interbedded with light buff-gray, medium crys- 

talline dolomite; all weather tan-brown. Upper 

beds weather to rough and sugary surfaces..... 53 16.2 
Dolomite: steel tan-gray, arenaceous, thick-bedded 

(6 to 20 inches), mottled buff-tan with limonite ; 

weathers red-brown, and to rough surfaces. 

Sandy clay bands weather in relief; a few beds 

white-gray crystalline dolomite which weather 

Sandstone: white-gray, medium-grained, calcareous 

and quartzitic; forms broken low cliffs on hill- 


side. Interval much covered................. 40 12.2 
Interval covered: taken as basal beds of Langston 
Total thickness of Langston limestone... . 575 175.3 


Brigham quartzite 
Quartzite: pink and buff-gray, coarse-grained, thick- 
bedded (1 to 3 feet); weathers rusty-brown, 
and strongly banded. Upper part of interval 
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r——Total—_, 
Feet Meters Feet Meters 


Quartzite: dull-green, drab-green, buff-tan, and 
lavender mixed beds, coarse-grained, micaceous; 
lower beds more cross-bedded and contain much 
limonite; upper two-thirds dominantly green; 


weathers rusty-tan on bedding surfaces’....... 21 64 

Total measured thickness of Brigham for- 

Total estimated thickness of Brigham for- 

Total thickness measured and estimated of 

Middle Cambrian® .................. 4885 14898 
Total thickness measured and estimated of 

Middle and Upper Cambrian......... 5285 16118 
Total thickness of Blacksmith Fork section, 

measured and estimated.............. 6062 1848.8 


Five errors are present in the original Blacksmith Fork section 
(Fig. 4): (1) the section is 1,225 feet thinner than Walcott stated; 
(2) the Upper Cambrian St. Charles formation is approximately 400 
instead of 1,227 feet in thickness, an error of 827 feet; (3) the shale at 
the base of the Ute formation cannot be correlated with the Spence 
shale of Idaho; (4) most of the Blacksmith and Nounan, and part of 
the Langston formations are dolomite instead of limestone; and (5) 
the upper 800 feet of beds originally assigned to the St. Charles con- 
tain Ordovician brachiopods, bryozoans, and orthocerids. The thick- 
ness of exposed Brigham quartzite is believed to be somewhat less than 
indicated in the original, although in both sections the stated thickness 
is merely an estimate. 


CAMBRIAN FORMATIONS IN BLACKSMITH FORK 


General statement.—The original definitions of the formations which 
comprise the Blacksmith Fork section (Walcott, 1908a, p. 6-9) are 
nearly all so brief, incomplete, and generalized that the formations can- 
not be recognized from them. Mansfield (1927, p. 52-56) gave more 
complete descriptions of the Cambrian formations in southeastern Idaho, 
and correlated them with those in Blacksmith Fork. Walcott used names 
taken from southern Idaho in the Bear River Range east of Liberty for 
three of the seven formations in his Blacksmith Fork section (St. Charles, 


7 This part of the section was measured between a point opposite the mouth of South Cottonwood 
Canyon, westward along the north side of Blacksmith Fork Valley, and northward up the knoll 
which forms the east side of North Cottonwood Valley. 

8If Lower Cambrian is represented in the Blacksmith Fork section, the writer found no evidence 
for it. The oldest fossil discovered was a Glyphaspis? head, 355 feet above the base of the 
Lanston limestone, which indicates at least the Middle Cambrian age of that formation. Fossils 
were not found in the Brigham formation. 
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BLACKSMITH FORK SECTION, NORTHWESTERN UTAH. WALCOTT 1908 
ORIGINAL SECTION EMENDED SECTION 
Silurian or Ordovician Halysites-Streptolasma zone 
I 
I 
oy Ordovician 47477777 feet 
St. Charles formation F-41227 feet orthoceroia 
== Port of St. Charles of Walcott 
—Fenestelloids 
Upper-Middle Combrion St. Charles formation 400 feet 
Boundary Worm Creek member? zone 
Nounan dolomite [Z~Z-~Z-]900 feet 
i Bloomington limestone F-41275 feet 
Bloomington formation 1320 feet 
== 
aa Hodges shale member? 
x t a 
Blacksmith dolomite [777-1450 feet 
Blacksmith formation 570 feet pm 
I I I 
Alokistocare subcoranatum and 
Kootenia quadriceps Ute limestone feet 
== 
Ute formation —-==—==—=729 feet 
Glossopleura zone 
== lossopleura producto Glyphaspis ? 
| spis 
Spence shole O feet’ —Langston limestone 1575 feet 
Langston formation feet 
Brigham quartzite 
Brigham formation "11232 feet 
Base covered 
Base covered 


Ficure 4.—Comparison of Walcott’s original and the emended Blacksmith Fork 


sections 
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Nounan, and Bloomington), but, by reference and such statements as 
“the most accessible locality is in the Blacksmith Fork Canyon, east of 
Hyrum, Cache County, Utah” (Walcott, 1908a, p. 6-7), he implied that 
Blacksmith Fork contained the type sections of these formations. On 
the other hand, he gave only Blacksmith Fork as the type section of the 
Blacksmith and Langston formations, but indicated the west front of 
the Wasatch Range near Brigham, Utah, as the type locality of the 
Brigham quartzite. The confusion thus caused might be alleviated by 
assigning new names to all the formations in the Blacksmith Fork sec- 
tion except the Langston, Brigham, the Ute, but Mansfield and Richard- 
son redefined all the formations for southern Idaho and the Randolph 
quadrangle, Utah. Only the formations whose original type localities 
were in Blacksmith Fork are redefined in this paper. 


Brigham quartzite—Walcott (1908a, p. 8) indicated the type local- 
ity of the Brigham formation by saying: “Type locality—West front 
of the Wasatch Range, northeast of Brigham, Box Elder County, Utah.” 
His definition of the characters of the Brigham formation is: ‘Massive 
quartzitic sandstones” (Walcott, 1908a, p. 8). In Blacksmith Fork 
the base of the Brigham is covered, and the exposed thickness estimated 
as 1,000 feet is purely arbitrary. The upper part of the formation 
consists of mixed beds of drab-green, tan, and dull-lavender quartzite 
which becomes pink and buff-gray toward the top. The rocks are 
usually thick-bedded, coarse-grained, micaceous, variably cross-bedded, 
and contain much limonite irregularly disseminated. The quartzite 
weathers to rusty or dull maroon-brown, and forms ragged or irregular 
cliffs and ledges. In his discussion of the Brigham formation, Walcott 
(1908a, p. 8-9) said: 

“The Brigham formation is the overlapping shore deposit of Middle Cambrian time 
along what is now the Wasatch Range. To the northwest, in the Belt Mountain 
region of Montana, the upper part of the same relative horizon is called the Flathead 
sandstone. As the strata are followed to the northwest, the sandy beds occupy a 
lower stratigraphic horizon until on Gordon Mountain, at ‘the head of the South Fork 
of the Flathead River, in Montana, the sandstones are of lower Middle Cambrian 


age. The Brigham formation should not be confused with the much older Prospect 
Mountain “quartzite” formation of central Nevada, which is of Lower Cambrian age.’ 


The similarity of the basal Ute fauna, 575 feet above Brigham (Fig. 
4) in Utah, to the Gordon shale fauna, 100 to 200 feet above the Flat- 
head (Pl. 1) in Montana, and the presence of a Glyphaspis? cranidium 
in the upper part of the Langston limestone support the correlation of 
the Brigham with the Flathead sandstone. Later in the same year, 
Walcott (1908b, p. 199) stated in a footnote to the Blacksmith Fork 
section: 


“The line of separation between the Middle and Lower Cambrian occurs some- 
where in the Brigham formation, and this thickness (5,420 feet) likely includes several 
hundred feet of Lower Cambrian beds.” 
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He gave no evidence to support the statement which contradicts his 
earlier one, and no evidence has been found by other workers, as is 
indieated by Mansfield’s statement (1927, p. 53): 

“Few fossils occur in the quartzite. Walcott reports annelid trails and trilobite 
tracks in the Blacksmith Fork section. Annelid borings and fucoids (?) have been 
collected at one locality in the Montpelier quadrangle. 

“Walcott considers that most of the Brigham quartzite is of Middle Cambrian age 
but that it also includes several hundred feet of Lower Cambrian beds. The boundary 
between the two sets of beds has not been recognized.” 

The Brigham in Blacksmith Fork may be both Middle and Lower 
Cambrian, but until positive evidence is disclosed, the formation should 
be considered Middle Cambrian only. 

The Langston formation was originally defined: “Massive-bedded, 
bluish-gray limestone with many round concretions.” On assigning the 
type locality, Walcott (1908a, p. 8) said: 

“Type locality —The most readily accessible locality for this formation is in Black- 
smith Fork, but the strike of the beds (as shown on the eastern half of Map 3 of the 


Fortieth Parallel Survey) carries the formation into the valley of Langston Creek, 
and the formation is given that name.” ; 


Clearly, Walcott intended Blacksmith Fork as the type locality of the 
Langston. The original definition of the Langston formation is not 
only inadequate, but gives an incorrect picture, as the basal 78 feet 
of the formation consists of sandstone, and the overlying and greater 
part is pale-gray dolomite and interbedded limestone. Concretions are 
rare in most of the beds, but Girvinella-like Algae are numerous in the 
upper part. Finally, the fauna which Walcott (1908b, p. 198) lists in 
his Blacksmith Fork section of the Langston from “two miles south- 
east of Malade, Idaho,” has not been found in Blacksmith Fork and 
may not be present in the Langston. 


Langston limestone: emended definition—The Langston formation 
in Blacksmith Fork consists of a series of interbedded dull-, tan-, blue-, 
and white-gray limestones and dolomites which weather to a char- 
acteristic red-brown, and a basal 75- to 80-foot zone of white-gray 
calcareous quartzitic thin-bedded sandstone. A 75-foot zone of buff- 
weathering thick-bedded dolomite occurs 68 feet below the top of the 
formation. Small oval concretions (Girvinella?), %4 to 1 inch in 
diameter, are locally numerous in widely separated beds, and are more 
abundant in the upper ones. Many beds are oolitic and range from 
medium to coarsely crystalline. Most of the rocks weather to red- 
brown rounded broken cliffs and ledges, or to rusty-brown soil. The 
Langston is 575 feet thick in the type section which was measured on 
the spurs that form the sides of the lower half-mile of North Cotton- 
wood Canyon on the north side of Blacksmith Fork. Fossils are rare, 
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only one cranidium of Glyphaspis? being found in the emended section. 

The name Ute limestone was first used by King (1878, p. 232-233) 
in the Fortieth Parallel report, as noted by Walcott (1908a, p. 7) who 
said: 

“This formation was given the name Ute limestone by the Fortieth Parallel Survey, 
but aside from the fact that it was stated to overlie the Cambrian quartzites and to 
be composed of 2,000 feet of limestones containing Cambrian fossils, it was not de- 
fined or limited. The beds here referred to the Ute formation contain the fossils 
mentioned by the Fortieth Parallel Survey as characterizing the lower portion of 
the Ute limestone.” 

In the original discussion of the Ute limestone, King (1878, p. 232- 
233) said: 

“The Silurian Ute limestone at its characteristic locality, Ute Peak, is a body about 
2,000 feet thick, of gray, siliceous limestones and calcareous shales, carrying apne 
fossils to within 60 or 75 feet of its base and within 150 feet of the summit. 
the southern Wahsatch the group is too uniformly crystalline to yield fossils. . . . 
From Nevada and Ute Peak in the Wahsatch were obtained the following species.” 
_ The rocks comprising Walcott’s Ute formation were not, as he stated, 
the ones to which King originally applied the name Ute limestone. 
Walcott restricted the name originally applied to Middle and Upper 
Cambrian and Ordovician rocks, to one Middle Cambrian formation. 
This restricted usage has been followed by other workers (Willis, 1912, 
p. 106; Richardson, 1913, p. 407; Mansfield, 1927, p. 53-55) in the 
adjacent areas and is now established in the literature. 

Walcott’s definition of the Ute formation (Walcott, 1908a, p. 8) is: 
“Blue to bluish-gray, thin-bedded, fine-grained limestones and shales, 
with some oolitic, concretionary, and intraformational conglomerate 
layers.” A section has never been published from Ute Peak, the type 
locality of Walcott’s Ute formation. As‘the only section of the Ute 
given by Walcott was from Blacksmith Fork, that area remains the 
type locality of the emended Ute formation. 


Ute limestone: emended definition.—The type section of the Ute lime- 
stone was measured on the spur west of the first western tributary of 
North Cottonwood Creek, and is part of the emended Blacksmith Fork 
section. 

The Ute exhibits a lower 175-foot phase composed of alternating drab- 
green to buff, micaceous, chunky, and, rarely, fissile shales in zones 
from less than one, to more than 8 feet in thickness, interbedded with 
dark or black-gray and gray-green, thin- and fewer thick-bedded lime- 
stones which are fossiliferous in some beds. The basal 8 feet consist 
of buff-green, fissile, minutely micaceous fossiliferous shale. The upper 
510 feet of the Ute consists of thin- and some thick-bedded dark blue- 
gray fine- to medium-grained limestone which contains flakes and 
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stringers of tan- and red-weathering siliceous clay. The upper beds 
contain 4,- to 44-inch oval concretions of Girvinella. The emended 
section gives the detailed lithology of, and stratigraphic horizons of 
known fossils from, the formation in its type locality. 

Walcott designated Blacksmith Fork as the type locality of the 
Blacksmith formation, which he defined (Walcott, 1908a, p. 7) as: 
“Gray arenaceous limestone in massive layers.” In his section, Wal- 
cott stated that the formation consists of lead-gray and steel-gray 
arenaceous limestone, which is transitional into dove-gray compact lime- 
stone in the middle part. The Blacksmith formation is composed of 
nearly pure dolomite, except 63 feet of limestone near the lower third 
and a few beds in the upper 60 feet. Arenaceous beds were not encoun- 
tered, but the dolomite weathers to sugary surfaces which superficially 
appear sandy. These facts necessitate emendation of the original 
definition. 


Blacksmith dolomite: emended definition—The Blacksmith forma- 
tion consists of white-gray, dull steel-gray, and in the upper 60 feet 
dark lead-gray, fine- to medium-grained, usually thick-bedded dolo- 
mite and interbedded magnesium limestone. Many beds are banded 
and contain blebs or irregular markings of white dolomite, and weather 
to white- or dull-gray sugary surfaces, solution cavities, and sharp 
points on bedding surfaces. The Blacksmith is 450 feet thick in the 
type section measured on the same spur above the Ute and on the 
next spur west. The formation generally forms light-gray cliffs above 
the Ute limestone and below the tan-bluff slopes formed of the basal 
Bloomington. 


Bloomington limestone—The Bloomington formation is typically 
developed in the Montpelier quadrangle in southeastern Idaho. Wal- 
cott’s original definition of the Bloomington (Walcott, 1908a, p. 7) is: 

“Bluish gray, more or less thin-bedded limestones and argillaceous shales. Small 
rounded nodules of calcite occur scattered irregularly through many of the layers 
of limestone.” 

Walcott (1908a, p. 7) designated the type section of the Bloomington 
by saying: 

“Bear River Range, about 6 miles west of the town of Bloomington, Bear Lake 

County, Idaho. A second easily accessible locality is in Blacksmith Fork Canyon, 
east of Hyrum, Cache County, Utah.” 
Mansfield (1927, p. 55) changed the type locality in 1927, when he 
said: “The type section is on Mill Creek near Liberty, but the forma- 
tion is named from Bloomington Canyon, which crosses the formation 
and causes good exposures of it.” 
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Richardson (1913, p. 406) designated the lower 350 feet of the 
Bloomington in the Randolph quadrangle, the Hodges shale member; 
and Mansfield (1927, p. 55) used the term for these rocks in south- 
eastern Idaho. The Hodges shale may be represented in Blacksmith 
Fork by shale and interbedded thin limestones, dolomites, and intra- 
formational conglomerates in the lower 163 feet of the formation. 

Mansfield’s description of the Bloomington formation and his assign- 
ment of a new type section are accepted by the present writer. In 
his description of the Bloomington, Mansfield (1927, p. 55) said: 

“The Hodges shale member, about 300 feet thick, consists of papery olive-green 
shales and impure thin bedded limestones and forms strike gulches or well marked 
depressions in the ridges. In such depressions a low knob generally occurs, produced 
by the intercalated limestones. 

“Above the Hodges shale member the formation consists of a series of bluish 
more or less thin bedded limestones that contain some massive layers. Some of t os 
beds contain small concretions and nodules of calcite. Other beds are sandy or 
argillaceous, and there is a fairly well defined shale near the top. 

“The Bloomington formation is assigned by Walcott to the PMiddie Cambrian.” 

This description applies to the Bloomington rocks in Blacksmith Fork 
except that they are not arenaceous, and contain a few beds of intra- 
formational conglomerate in the upper and lower parts. The Hodges 
shale member is much thinner (163 instead of 300 feet), and also con- 
tains beds of intraformational conglomerate and dolomite. In Black- 
smith Fork the beds included in the Bloomington total 1,275 feet in 


thickness. 


Nounan dolomite—The Nounan formation was originally described 
by Walcott (1908a, p. 6) from Soda Peak in the Bear River Range of 
southeastern Idaho as follows: ‘“Limestones; light gray to dark-lead 
colored, arenaceous limestones.” In discussing the type locality, Wal- 
cott (1908a, p. 6) said: 

“Bear River Range, east slope of Soda Peak, west of the town of Nounan, in Bear 

Lake Valley, Bear Lake County, Idaho. The most accessible locality is in Blacksmith 
Fork Canyon, east of Cache County, Utah.” 
The Blacksmith Fork section is the only published one to which Walcott 
applied the name Nounan, a fact which would have necessitated it 
being the type section if Mansfield had not adequately redescribed the 
formation and assigned the same type locality to it. In his description of 
the Nounan formation, Mansfield (1927, p. 55-56) wrote: 

“The boundary between the Bloomington formation and the Nounan limestone is 
marked by a change in lithology and the outcrop of massively bedded, whitish or 
light-gray, somewhat coarsely crystalline dolomitic limestone that sparkles on freshly 
fractured surfaces and occurs in beds about 18 inches thick. Alternating with these 
beds come dark-gray beds of similar character and thickness which have branching 
calcite forms that are probably organic replacements. Upward in the section the 


lighter-colored beds prevail, followed by thin platy, bluish-gray limestones which 
have yellow blotches of limy and clayey material that weathers more easily than the 
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parent rock. These beds are succeeded by more massive beds of alternating bluish- 
gray and gray limestones which contain a bed of thin platy, sandy limestone about 
10 feet thick that weathers greenish or reddish. The upper part of the formation 
is composed of massive beds of limestone, portions of which contain streaks of impure 
chert. The thickness of the formation is about 1,050 feet. 

“Walcott has assigned the Nounan limestone to the Middle Cambrian.” 

In Blacksmith Fork the base of the Nounan dolomite is arbitrarily 
drawn at the base of the cliffs above the upper slope of Bloomington 
limestone, and the top of the Nounan is drawn at the top of the cliffs 
below the drab-tan slope of the basal St. Charles. The Nounan in 
Blacksmith Fork consists of light-gray and some dark-gray dolomite, 
and the lower part contains more than 150 feet of white-gray cliff- 
forming limestone. Oval concretions (Girvinella?) are numerous in 
some beds, but none is arenaceous as stated by Walcott and Mansfield. 
Recognizable fossils have not been found in the Nounan, but the over- 
lying beds in the lower part of the St. Charles contain trilobites of 
Dresbach time. Consequently, the Nounan may be late Middle or 
early Upper Cambrian in age, but until conclusive evidence is discov- 
ered the formation is considered Middle Cambrian as stated by Walcott. 


St. Charles formation—The formation takes its name from the type 
section, St. Charles Canyon, in southeastern Idaho, where the formation 
is 1,200 feet thick. Richardson restricted the lower 300 feet of the St. 
Charles to his Worm Creek quartzite member, which he defined (Rich- 
ardson, 1913, p. 408) as follows: 

“The Worm Creek quartzite member of the St. Charles limestone is a massive 
gray quartzite occurring at the base of the formation. It is of variable thickness, 
having a maximum of 300 feet in the Randolph quadrangle. The Worm Creek 
quartzite directly overlies the Nounan limestone and is succeeded by the massive 
gray fossiliferous Upper Cambrian limestone which forms the bulk of the St. Charles 
limestone. The name is derived from Worm Creek, in the Bear River Range, 10 
miles north of the Randolph quadrangle.” 

Mansfield used Richardson’s term in his sections in southeastern Idaho. 

Walcott stated that the St. Charles is 1,227 feet thick in Blacksmith 
Fork. Upon remeasuring the section in 1937, Ordovician fossils (tre- 
postomatous and cryptostomatous Bryozoa, orthocerids, Maclurites? 
and Brachiopoda) were found throughout 777 feet of beds which Wal- 
cott assigned to his Upper Cambrian St. Charles formation, and only 
400 feet of beds were found to contain Croixan fossils. The exact 
boundary between the Ordovician and the Upper Cambrian rocks is 
not determined, but is arbitrarily drawn at the base of the lowest lime- 
stone unit which contains fenestellids. 

The St. Charles in Blacksmith Fork consists of a basal dolomitic zone, 
148 feet in thickness, composed of drab-gray medium-grained thin- and 
thick-bedded sandy dolomite grading upward into white-gray dolomite 
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near the top. These beds weather dirty-brown, and form slopes, and may 
be equivalent to the Worm Creek quartzite to the northeast, but no 
quartzite and only a little sandstone occurs in the member in Black- 
smith Fork. The upper 258 feet of the St. Charles consists of dull- 
and blue-gray thick- and thin-bedded, fine- to medium-grained lime- 
stone, and intercalated edgewise conglomerates. Irregular chert nodules 
and lenses occur haphazardly in the upper 200 feet. The limestones 
and intraformational conglomerates in the upper part of the St. Charles 
are similar lithologically to those which comprise the lower 93 feet of 
the Ordovician. Time was not available in which to collect Upper 
Cambrian fossils, but from the specimens seen in the field the St. Charles 
appears to be equivalent to the Dresbach, and at least to part of the 
Franconia in the standard Wisconsin section. 


HOUSE RANGE AREA, UTAH 
LOCATION OF AREA 


The House Range and its northern extension, the Fish Springs Range, 
are in central western Utah, in the Fish Springs quadrangle which lies 
between parallels 39° and 40° north latitude, and meridians 113° and 
114° west longitude (Fig. 1). The House Range is approximately 40 
miles east of the Nevada-Utah boundary, and 100 miles west of the 
eastern edge of the Great Basin. The Range is composed largely of 
Cambrian rocks, parts, if not all, of the system being exposed. The 
House Range section has been used by Walcott and later workers as 
the type for the southern part of the Cordilleran trough, and probably 
has been the most important section of Middle Cambrian rocks in 
the United States. 


SUMMARY OF PREVIOUS WORK IN HOUSE RANGE 


Gilbert was the first to measure a section of the rocks in the House 
Range. In 1875, he published a generalized section which he measured 
“at Dome Pass and Antelope Spring” (Gilbert, 1875, p. 167). Gilbert’s 
section apparently included only Lower and part of the Middle Cam- 
brian rocks, His upper members seem to be the lower 200 feet of the 
Marjum limestone. Although his section shows a total thickness of 
2,300 feet, he stated in the same publication that the rocks in the 
“Silurian” make “a total section of more than 4,000 feet, of which nearly 
3,000 feet are limestones.” 

Walcott, in 1886 (1886, p. 40) and in 1891 (1891, p. 320), quoted 
Gilbert’s House Range section and suggested correlations of its litho- 
logic members with those in the Eureka and Highland Range sections 
of Nevada. 
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In 1908, Walcott (1908b, p. 173-185) published the first complete 
section of the Cambrian rocks in the House Range. This section has 
remained the standard up to the present (Fig. 5). Earlier in the same 
year, but in another paper, Walcott (1908a, p. 9-12) defined the Cam- 
brian formations of his House Range section. 

In 1912, the House Range section was quoted twice: once by Willis 
(1912, p. 107), who gave only a résumé of the section; and once by 
Walcott (1912, p. 153-158), who also indicated the stratigraphic hori- 
zons of species in adjacent fossil localities by placing them beside the 
lithologic units in the section. 

Between the years 1908 and 1928 the House Range section was re- 
ferred to a number of times by Walcott and others, but, other than 
collecting fossils, further work was not done on the rocks in the House 
Range. 

In 1937, the writer, assisted by John Mason and Donald Duncan, 
remeasured the Lower, Middle, and 1,940 feet of the Upper Cambrian 
rocks in the vicinity of Marjum Canyon, and carefully zoned the fos- 
sils within the remeasured section. The details of this section are given 
here, and a comparison of the section with that measured by Walcott 
is shown on Figure 5. 

HOUSE RANGE SECTION 


Walcott stated that he measured his House Range section “west and 
east of Antelope Springs and east-southeast and south of Marjum Pass.” 
He said (Walcott, 1908b, p. 173): 

“The section begins at the top, 285 feet below the summit of Notch Peak, the 
highest point (8,828 feet) on the House Range south of Marjum Pass. . . . The line 
of the section extends down the northeast slope of Notch Peak and thence to a — 
ridge east of the area of eruptive granite on the northwest slope of Notch Peak; 
thence north to Marjum Pass. It is then carried on the line of the upper beds of the 
Wheeler formation to a point southeast of Antelope Springs; thence west to Dome 
Pass and (on the north side of Dome Canyon) to the Lower Cambrian quartzitic 
sandstones that pass beneath the quaternary of the White Valley at the western 
foot of the House Range.” 

Several discrepancies are encountered when one attempts to locate 
Walcott’s section in the field. Notch Peak is south of the granite in 
the House Range, and is correctly located on the Fish Springs quad- 
rangle topographic sheet, but is at least 3 miles south of Orr Ridge, 
from which it is separated by the granite. Walcott (1908b, pl. 14) 
also shows Notch Peak correctly in his photograph of that part of the 
Range. However, on the map accompanying the original section, a 
point 8,800 feet in elevation, approximately 3 miles south of Marjum 
Canyon, is shown as Notch Peak (Walcott, 1908a, pl. 13). The eastern 


_ side of the House Range is formed largely of approximate dip-slopes 


which prevent a satisfactory section being made there, as many of the 
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beds are covered and measurements of thickness would be inaccurate 
or unobtainable. 

In order to secure a relatively continuous section in one part of the 
House Range the emended section was measured in the vicinity of 
Marjum Canyon. The section traverse extends from a point approxi- 
mately 114 miles north of Marjum Canyon on the west face of the 
Range at an elevation of 5,000 feet, eastward up the slopes and cliffs 
to the base of the white-gray limestone in the middle part of the Howell 
formation. The contact of the black and white Howell cliff-forming 
limestones was traced southward, and the section continued through 
the white limestone on the south side of Marjum Canyon approxi- 
mately one mile east of its mouth. The upper parts of the Howell, the 
Dome, and the Swasey formations were measured on the spurs between 
the tributary valleys on the north side of Marjum Canyon. The con- 
tact between the Swasey limestone and the basal Wheeler shale was 
traced southward to the crest of the Divide which separates Rainbow 
Valley from White Valley, and continued there through the Wheeler 
and Marjum formations and nearly 2,000 feet of the Weeks formation. 
Time did not permit measuring a complete section of the Upper Cam- 
brian rocks exposed in the House Range. Whenever this part of the 
section is measured the work probably will have to be done in the 
southern part of the range, in the vicinity of Notch Peak, and must 
be accurately tied in somewhere in the Range with the Middle Cam- 
brian section. On the ridge west of Rainbow Valley a continuous 
Upper Cambrian section is not available, as a fault of considerable 
throw repeats the Weeks and possibly part of the Marjum limestones 
which form the rounded hills south and west of Orr Ridge, and north 
of the granite which separates the Upper Cambrian near Notch Peak 
from the other sediments to the north. 


UPPER CAMBRIAN 


Weeks limestone Feet Meters Feet Meters 


Limestone: gray, crystalline, similar to underlying. 

Forms top of 8,300-foot peak. Tricrepicephalus 

present 8 feet below top..................... 12 3.7 
Limestone: dull-gray, finely to medium crystalline, 

thick-bedded; weathers gray, and forms cliffs.. 114 34.8 
Limestone: gray, crystalline, thick- and thin- 

bedded; contains siliceous clay flakes, nodules, 

and partings, and few Tricrepicephalus. 

Weathers tan and forms drab-buff cliffs....... 85 25.9 
Limestone: same as underlying interval. One bed, 

6 feet thick, underlain by platy limestone..... 25 76 
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Limestone: dull-gray, drab-tan (dirty) banded, 
thicker-bedded than lower “dirty” intervals. 

Limestone: dull-gray, crystalline, argillaceous, are- 
naceous, thick-bedded; weathers drab and to 
sandy surfaces. A few 14- to 18-inch beds of 
blue-gray purer limestone which weathers gray. 
Forms top of “clean gray limestone interval”. . 

Limestone: blue-gray, in beds 8 to 14 inches thick; 
weathers gray and thinner-bedded to drab- 
brown. Some beds banded.................. 

Limestone: blue- and dull-gray, pure and argilla- 
ceous, in beds 2 to 6 inches thick, and inter- 
bedded drab-tan banded limestone; much 
typical drab or dirty limestone. Forms cliffs 

Limestone and shale: limestone similar to underly- 
ing, but purer and contains less shale. Still 
much banded with siliceous drab-tan clay... .. 

Limestone: drab-gray and tan weathered. Contains 

Limestone and shale: same limestone as underlying 
interval, but more finely sandy shale inter- 


Limestone: dark-gray, smooth- and _ thin-bedded, 
massive, fine-grained; contains drab clay part- 
ings; weathers drab green-tan and gray banded. 
Tricrepicephalus present but rare............. 

Limestone: dark-gray, fine-grained hard, more or 
less platy, finely banded buff-tan; weathers 
dull-tan and forms irregular and smooth plates. 
Tricrepicephalus occurs 26 feet above base.... 

Limestone: drab-gray; weathers platy and banded 


Limestone: tan-gray weathered, shaly and platy. 
Interval partly covered in saddle of ridge. 
Forms shaly slope southwest of high saddle. 
This interval subject to error................. 

Limestone: as in underlying interval, but also in- 
ter-bedded dull-gray, fine-grained, nodular, and 
dull-gray hard finely banded siliceous limestone 

Limestone: dull-gray, finely banded or laminated, 
argillaceous; weathers to drab-tan and a few red 

Limestone and shale: dull-gray and rusty gray- 
green, argillaceous and arenaceous, porous, 
finely micaceous limestone part of which con- 
tains many sandy clay partings; weathers tan- 
gray and green-tan. Much inter-bedded gray- 
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7——Total—_, 
Feet Meters Feet Meters 


green, calcareous slightly fissile shale more 

abundant at lower fourth of interval.......... 111 33.8 
Limestone: dull- and dark-gray, thin- and some 

irregular-bedded, slightly stained red-tan and 

green-gray. Forms reddish tan slopes......... 46 140 
Limestone: steel-gray, platy, hard, banded with 

drab-tan sandy clay; contains green-gray mica- 

ceous clay on bedding surfaces. Weathers to 

Limestone: dull-gray, argillaceous, finely arena- 

ceous, irregularly bedded, and interbedded 

gray-tan and red weathered, platy (4% to 4 

inch thick) limestone. Weathers buff and 

Limestone: dull-gray, sandy, platy, a few 4- to 6- 

inch beds contain bright orange-colored clay 

flakes and partings. Weathers dull-gray 

stained buff, tan, and reddish. Numerous 


Obolus? as in Weeks Canyon................. 131 40.0 
Limestone: similar to underlying, but redder and 
more sandy. Cedaria present but not common 45 13.7 


Limestone: red-tan and gray, platy, sandy, lami- 

nated, and thicker-bedded dull-gray limestones 

interbedded; weathers to platy slabs as under- 

lying interval. A few 2- to 3-foot zones of dull- 

gray weathered limestone which breaks into 

angular blocks and fragments................ 22 6.7 
Limestone: black-gray, fine-grained, thick-bedded 

(8 inches to 2 feet), interbedded with thin- 

bedded, more or less buff-weathered limestone. 

Limestones weather buff and form tan slope 


Limestone: as underlying interval, but more thick 

beds of dark-gray limestone. Beds irregularly 

folded. This interval subject to error......... 42 128 
Limestone: dull-gray, slightly sandy, platy, finely 

banded, weathers bright-tan, and interbedded 

dark-gray limestone in beds 6 to 8 inches thick 

which weather black. Limestones form platy 

Limestone: buff and dull-gray, finely sandy, shaly 

and platy; weathers to tan and buff sandy 

plates. Beds slightly disturbed here and may 

cause small error of thickness in this interval. . 31 95 
Limestone: black-gray, generally thick-bedded, 

breaks down to shaly plates and angular frag- 

ments. Crest of bench on ridge. Beds folded 

into several open anticlines and synclines. In- 
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Limestone: dull-gray, and thick-bedded 
black-gray, sandy, shaly; platy beds weather 
tan and lavender, and contain agnostids. 
Thick beds weather black-gray. Fossil loc. 61-4 

Limestone: dark- and dull-gray, sandy, finely 
banded red and buff-tan with sandy clay. 
Breaks down to platy slabs weathered buff and 
pale red. Agnostids present in some beds..... 

Total thickness measured of Weeks lime- 


MIDDLE CAMBRIAN 


Marjum limestone (type locality) 


Limestone: dark-gray, finely laminated on weath- 
ered joint faces, fine-grained, thick-bedded, 
hard, slightly argillaceous, finely arenaceous. 
Contains drab-tan sandy clay partings, agnos- 
tids, and Protospongia?; weathers dull-gray 
and to angular blocks and fragments......... 

Limestone: as underlying interval, but upper beds 
finely laminated. Many clay bands weather 
pale red. Laminae weather in relief on joint 
faces. Limestone weathers gray.............. 

Limestone: dark-gray and black, thin-bedded (%4 
to 4 inches), fine-grained, slightly argillaceous, 
and intercalated buff clay and calcareous sand- 
stone partings. Forms cliffs and _ buff-gray 
slopes. Entire but much-weathered trilobites 
(Elrathia?) in upper 19 feet.................. 

Limestone: dark- and dull-gray, in beds 2 to 6 
inches thick, and much buff and red-tan clay 
partings in upper part. Forms cliffs.......... 

Limestone: black-gray, thin-bedded, and many red 
and tan, finely sandy clay partings. Upper 
surface rippled 2 to 3 feet in length or folded. 
Interval forms base of upper Marjum lime- 
stone cliffs. Poorly preserved fossils in upper 


Limestone and shale: as underlying interval. 
Limestone increases in amount and is thicker- 
bedded upward. In upper part, much red and 
tan clay shale as partings and thin beds. 
Weathers red-gray and forms ledge........... 

Limestone and shale: dark-gray, argillaceous, 
platy, and little interbedded shale. Limestone 
thinner-bedded up section; weathers light- 
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gray, and forms slopes strewn with buff-pink 


Limestone: dull-gray, fine-grained, hard, massive 
but thin-bedded; weathers drab-tan and dark- 
gray banded; tan bands % to 1 inch, gray % 
to % inch thick. Limestone forms cliff between 
slopes. On upper surface, small Algae are re- 

Shale: bright pink and yellow, and pale gray, fissile, 
calcareous. This shale only exposed beneath 
undercut limestone cliff 

Limestone and shale: black-gray, argillaceous, fine- 
grained limestone in beds as much as 5 inches 
thick in lower fourth, and black-gray, platy, 
calcareous shale and shaly limestone in upper 
three-fourths. Lithology here similar to five 
intervals below 4%4-foot bed, and weathers to 
similar light-gray slope. Top of interval is 


Fossits: Fauna unstudied, but similar to 
that in fossil loc. 61-3 base. 


Limestone: dull steel-gray and tan banded % to %& 
inch, siliceous, hard, fine-grained. Forms ledge 

Limestone and shale: same as underlying interval; 
forms top of light-gray, buff-stained slope. Base 
of interval is fossil loc. 61-3a base............ 


Fossits: Fauna unstudied, but similar to 
that in fossil loc. 61-3 base. 


Limestone and shale: same as underlying interval, 
but contains more buff-tan clay partings...... 
Limestone and shale: as underlying interval. Con- 
tains Elrathia? with narrow convex brim. Top 
of interval is fossil loc. 61-3 top............... 


Fossits: Fauna unstudied, but similar to 
that in fossil loc. 61-3 base. 


Limestone and shale: black and dark-gray, fine- 
grained, platy fossiliferous, in beds %4 to 2 inches 
thick; contains partings and flakes of tan clay. 
Contains Elrathia and Elrathiella?............ 

Limestone and shale: gray, platy, buff-weathered 
limestone, and dark-gray calcareous interbedded 
shale. Weathers light-gray and contains trilo- 
bites. More limestone, and a few worm tubes 
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Shale: sooty gray, fissile and platy, calcareous; 
weathers light-gray, and appears similar to basal 
Wheeler shale. Contains Elrathia?............ 

Limestone: dark-gray, thin-bedded; weathers buff- 
tan and gray. Forms gray-tan slope.......... 

Limestone and shale: gray and light-gray, platy, 
argillaceous and pure limestone, a few beds of 
chunky thicker-bedded limestone, and _inter- 
calated dark- and black-gray, calcareous, platy 
shale. In lower third, a few thicker limestones 
contain flakes and partings of buff and red clay. 
Interval weathers gray and deep-buff, and forms 

Limestone: blue-black and gray, in beds 2 to 10 
inches thick; contains bright-tan clay on bed- 
ding surfaces, and few trilobite fragments. Much 
maroon clay present as flakes and nodules in 
upper third. Weathers to buff slopes and 
bright-tan irregular plates. Lower half of in- 

Limestone and shale: dark-gray, fine-grained, platy 
and irregularly bedded limestone increases in 
amount upward, interbedded with black-gray 
fissile and platy, calcareous shale. Upper lime- 
stones contain agnostids. Shale contains ab- 

Shale and limestone: sooty gray, fine-grained, platy 
and little fissile shale, and platy argillaceous 
limestone which weathers tan in upper part. 
Many beds slightly flaggy and tan on weathered 

Limestone: gray, argillaceous, massive and thick- 
bedded; a few shaly beds..................... 

Limestone: black-gray, thick-bedded; contains some 

Limestone: gray, thin-bedded, fine-grained; weath- 

Shale and limestone: pale-buff, sandy platy shale, 
and thin-bedded, shaly sandy limestone; con- 
tains agnostids with fluted tail-ornamentation. 
Weathers pale-buff and forms saddle here on 

Limestone: black-, blue-, and dull-gray, fine- 
grained and medium crystalline, interbedded, 
hard thick-bedded (1 to 4 inches) ; contains buff 
and in upper part some bright orange-tan clay 
flakes and partings; weathers dark-gray. Ag- 
nostids, corneous brachiopods, and a few trilo- 
bites present. Base of interval is base of fossil 
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Fossits: Agnostus cf. interstrictus White 
A. n. sp. 
Elrathia n. sp. 
Protospongia sp. 


Total thickness of Marjum limestone..... 


Wheeler shale (type locality of emended formation) 
Shale: as underlying interval. Forms top of pale- 


gray weathered zone, and top of fossil loc. 61-2. 
Elrathia kingi (Meek) and agnostids still com- 
mon, and better preserved than lower in the 


Fossits: Agnostus bidens? Meek 
A. n. sp. 
Asaphiscus wheeleri Meek 
Elrathia kingi (Meek) 


Shale: black-gray, calcareous, platy and some fissile ; 


a few intercalated beds of platy, buff-tan weath- 
ered limestone. Shale weathers gray and con- 
tains Elrathia kingi (Meek) and agnostids.... 


Limestone: black, nearly lithographic, thick-bed- 


bed; weathers bright orange-tan and forms 
angular fragments. Is excellent horizon-marker 
in upper part of Wheeler shale................ 


Shale: as underlying interval, but weathers paler- 


gray. Contains Elrathia kingi (Meek) and ag- 
nostids. Base of interval is base of fossil loc. 


Fossits: Same fauna as in fossil loc. 61-1 
top. 


Shale: black or sooty gray, platy, calcareous; 


Shale and limestone: sooty black, calcareous, fissile 


and platy fossiliferous shale, and interbedded 
platy, argillaceous, buff-weathered limestone; 
weathers to buff slopes. Top of interval is top 


Fossits: Agnostus bidens? Meek 
A. n. sp. 
Elrathia kingi (Meek) 


Shale and limestone: as underlying interval, but 


more beds finely arenaceous and weather bright- 
tan. Agnostids common on tan platy lime- 
stones. Small fault here may cause error of 15 
to 25 per cent in thickness of this interval..... 
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Shale: dull sooty black, fine-grained, calcareous, 
platy and some fissile, hard; at irregular inter- 
vals a few thicker more-calcareous beds which 
weather bright buff and tan; weathers pale-gray 
and forms characteristic slopes wherever ex- 
posed. Contains much pyrite, and numerous 
poorly preserved agnostids. Fossil loc. 61-1 base 


Fossits: Agnostus bidens Meek 
A. several n. sp. 


Total thickness of Wheeler shale®........ 


Swasey limestone (type locality of emended for- 
mation) 

Limestone: gray and black-gray, crystalline, gen- 
erally thick-bedded, breaks down to buff-tan 
rounded slopes. This interval below the 
Wheeler shale could not be accurately meas- 
ured anywhere. Estimated................... 

Limestone: similar to underlying but thicker-bed- 
ded, more massive, and weathers lighter gray. 
Upper part contains Algae and weathers drab- 
brown. Forms upper part of Swasey limestone 

Limestone: similar to underlying, but coarsely 
oolitic, contains much maroon clay, and weath- 
ers lighter gray. Also cliff-forming............ 

Limestone: mottled and banded irregularly dark- 
and light-gray, medium-grained, oolitic in upper 
part; weathers dark-gray, and forms part of 

Limestone: dark dull-gray, fine- to medium-grained, 
thin- and irregular-bedded (% to 3 inches), 
thinner-bedded upward; contains much buff 
clay as partings and flakes; weathers dark-gray 
and forms basal part of upper Swasey limestone 

Shale and limestone: tan and dull green-gray, 
chunky and platy, occasionally fissile, cal- 
careous, slightly fossiliferous shale. Occasional 
limestones intercalated in lower part, more in 
upper part. Near base one 9-inch bed of intra- 
formational conglomerate. Limestone gray and 


® All of the section above this point was measured on the 
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spur which forms the west boundary 


of Rainbow Valley, the traverse extending up the spur to the top of the peak, 8,300 feet in 
The contact of the Wheeler and 


elevation, approximately 1% miles south of Marjum Canyon. 
the Swasey formations is believed to be accurate to within 3 feet. 


30This part of the section was measured one mile E-SE of the underlying section, from the base 
of the Swasey limestone cliffs eastward. The section was “carried and tied in’’ upon the contact 


of the upper shale and overlying cliff-forming limestone. 
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richly fossiliferous in some beds. Interval 
weathers buff-tan, and forms slope covered in 
upper part by limestone talus from overlying 
cliffs. Fossil loc. 60-3 from lower two-thirds 


Fossits: Ehmaniella sp. 
New genera of trilobites 


Limestone and shale: gray and tan-gray, thin- 
bedded limestone, and tan, finely arenaceous, 
calcareous shale. In lower 5 feet, three separate 
beds of Ehmania-coquina form top of fossil loc. 


Fossits: Same fauna as in fossil loc. 60-2 
base. 


Limestone: dull-gray, platy; contains much buff 
clay, and forms cliffs between two buff slopes; 
weathers drab-gray. Upper bed an Ehmania- 
coquina, forms base of fossil loc. 60-2......... 


Fossits: Ehmania n. sp. 
Ehmaniella n. sp. 


Limestone and shale: steel- and dark-gray, thin- 
bedded (% to 4 inches), fine-grained, a few 
arenaceous limestones, and much bright-tan 
clay as flakes and shaly partings, and one 6-inch 
bed of intraformational conglomerate in lower 
part. Weathers buff and forms shaly or platy 

Limestone and shale: dull- and dark-gray, fine- 
grained, platy limestone, and tan clay shale; 
much bright-tan clay on bedding surfaces; 
weathers bright-buff and forms slope strewn 
with plates. A few limestones contain numerous 
and well-preserved trilobite heads and _ tails. 
Ehmania common. Fossil loc. 60-1........... 


Fossits: Ehmania several species 
Ehmaniella several species 


Total thickness of Swasey limestone...... 


Dome limestone (type locality of emended forma- 
tion) 

Limestone: black-gray, platy (4% to 1 inch), contains 

Limestone: dull- and dark-gray, fine- to medium- 
grained, massive, contains bands and nodules of 
maroon and tan clay; weathers dull-gray and 
forms top of Dome limestone cliffs............ 
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Limestone: dark-gray, argillaceous, massive in lower 
half; dull-gray, thicker-bedded, mottled red in 
upper half. Upper bedding surfaces irregular 
and weathered to sharp points................ 

Limestone: similar to underlying, but platy-bedded 
(% to 1% inches), and contains lavender-ma- 
roon clay flakes and Algae as much as % inch 

Limestone: dark-gray, fine- to medium-grained, 
thicker-bedded than underlying, and contains 
more maroon clay. At 40 feet above base is 
18-inch maroon zone. Weathers dull-gray and 
forms sheer cliffs which appear light-gray from 

Limestone: similar to underlying but contains much 
dull-red and drab-tan calcareous, arenaceous 
clay as flakes and nodules, and appears nearly 
unbedded. Basal 6 feet banded pale- and black- 

Limestone: black and dark-gray, fine-grained, mas- 
sive, thick- and thin-bedded; contains nodules, 
flakes, and laminae of drab-tan clay. Weathers 
dark-gray and forms base of sheer cliffs. Usually 
broken down to rounded ledges in Marjum 


Howell Limestone (type locality of emended for- 
mation) 


Shale and limestone: dull-gray and tan, fissile, soft, 
fossiliferous shale interbedded with argillaceous, 
platy, fossiliferous (poorly preserved Kootenia) 
limestone; weathers buff and tan, and forms 
shaly slope below sheer cliffs. In upper part of 
interval some beds of blue-gray limestone which 

Limestone: dull- and _ black-gray, fine-grained, 
platy; contains many pink and buff clay flakes 
and partings. Lower beds flaggy. Upper 6 feet 
finely banded. Lower 4 feet form top of fossil 


Fossits: Glossopleura inornata Deiss 
G. perryt Deiss 
Kootenia infera Deiss 
K. scapegoatensis Deiss 
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11 This section was measured on the next spur east of the one on which the underlying part was 
measured. The section was traced and ‘‘tied in’ on the contact of the shale and the underlying lime- 
stone cliffs. 
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Feet Meters Feet Meters 


Limestone: black-gray platy, fine-grained, and buff 
clay partings; weathers to buff plates and con- 
tains Kootenia and Glossopleura in abundance. 
Fossil loc. 59-8. Forms slope between cliffs... 6 18 


Fossits: Glossopleura inornata Deiss 
G. perryt Deiss 
G. thomsoni Deiss 
Kootenia exilarata Deiss 
K. infera Deiss 
K. scapegoatensis Deiss 


Limestone: black-gray, fine-grained, thin- and thick- 

bedded, finely banded and contains many sili- 

ceous clay nodules in upper part, and Algae in 

lower part. Forms black-gray cliffs wherever 

exposed in House Range..................... 55 16.8 
Limestone and shale: blue- and black-gray, fine- 

grained limestone; weathers rough and is more 

massive upward. At 25 feet above base is 4- to 

5-foot zone of gray fissile shale. Interval partly 

Limestone: dull-gray, fine-grained to medium ~ 

crystalline, in 2- to 8-inch beds; contains buff 

and reddish clay flakes and partings which 

weather in relief; weathers rusty gray and forms 

ledge. Fossil loc. 59-2. Glossopleura and 

Kootenia identical with Damnation fauna of 


Fossits: Fauna same as in fossil loc. 59-3. 


Limestone: dull- and black-gray, fine-grained, 
nodular, in 3- to 15-inch beds; weathers dark- 


gray and forms slope above clifis”............ 20 6.1 
Limestone: light-gray, medium-grained; weathers 
light-gray and forms top of Howell cliffs...... 20 6.1 


Limestone: dull- and dark-gray in alternate zones; 
dark bands thinner, argillaceous, and contain 
blebs of white calcite. Light bands of nearly 
lithographic thick-bedded limestone. Forms 


Limestone: yellow-tan, platy, extremely argilla- 
ceous, laminated; weathers bright yellow-tan. . 1-15 03-05 


Limestone: dull-green, sandy; weathers gray-green, 
and forms top of upper pink zone in light-gray 
upper Howell limestone clifis................. 4 12 


12This part of the sectoin was measured on the spur approximately one mile east, and on the 
north side, of Marjum Canyon. The section was traced and “tied in’’ on the contact of the light- 


gray limestone at the top of the Howell cliffs and the overlying black-gray limestone 20 feet below 
the Glossopleura zone. 
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Limestone: red and pink-gray, fine-grained, argilla- 
ceous and slightly arenaceous locally......... 
Limestone: dull green-gray, arenaceous, argilla- 
ceous; weathers dull-green, stained pink...... 
Limestone: pink and pink-gray, argillaceous, fine- 
grained. Locally, hard pink-red, fine-grained 
limestone containing blebs of pink and white 
calcite; weathers dull-pink................... 
Limestone: pale- and tan-gray, fine-grained, ex- 
tremely thick-bedded, more tan and darker 
upward; contains blebs of calcite and tan clay 
flakes; weathers light-gray and forms middle 
Limestone: dull- and green-gray, finely arenaceous, 
thinly banded; weathers buff-gray and forms 
Limestone: white tan-gray, thick-bedded, more 
Limestone: one bed: white-tan-gray.............. 
Limestone and shale: green-gray, arenaceous, mas- 
sive in lower 2 feet; buff-gray platy, pink- 
weathering, shaly argillaceous limestone and 
calcareous shale in upper 7% feet............. 
Limestone: white- and pale tan-gray, fine-grained 
in beds 5 inches to 3 feet thick; contains few 
buff and pink laminae; weathers pale-gray.... 
Limestone: white- and pale pink-gray in lower half, 
and pale-gray above, thick-bedded (3 to 15 
feet); lower part contains white calcite blebs, 
upper part buff clay flakes; weathers white-gray 
and forms rounded ledges. These limestones 
form base of white Howell cliffs in area™...... 
Limestone: dull pale-gray, fine-grained, finely lami- 
nated; weathers to thin laminae stained buff 
Limestone: dark-gray, fine-grained; contains tan 
siliceous clay nodules; weathers dull-gray, and 
forms bench slope below white-buff cliffs...... 
Limestone: similar to underlying; contains Algae 
and white calcite veinlets. Forms top of black 
cliffs. Basal part thinner bedded............. 
Limestone: black-gray, thinner-bedded (2 to 15 
feet) than underlying; contains Algae; forms 


Feet Meters 
5 15 
35 11 
25 08 

84 25.6 
25 76 
8 24 
4 12 
9.5 29 
9 2.7 
62 18.9 

1-15 03-05 

7 2.1 
85 25.9 
61 18.6 
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7——Total——, 
Feet Meters 


18 This part of the section was measured approximately one mile east of the mouth, and on the 
south side, of Marjum Canyon, the traverse extending up the slope and cliff of Howell limestone. 
The section was “‘tied in’’ with the underlying interval and traced on the contact of the top of 
the lower black limestone cliffs and the base of the white limestones, which are finely laminated 


throughout the area. 
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Limestone: black-gray; contains large Algae (114 
inches in diameter), and rare heads of Zacan- 

Limestone: black-gray, fine-grained, nearly unbed- 
ded; contains little buff clay as flakes and 
nodules, and thick zones of Algae as much as 1 
inch in diameter but average less than ¥% inch. 
Weathers black or dark-gray, and forms cliffs. 
Upper surface of interval forms bench in cliff 

Limestone: black-gray, hard, thick bedded (8 feet), 
fine- to medium-grained; contains flakes and 
nodules of tan clay; weathers dark-gray and 
forms basal part of dark cliffs................. 

Total thickness of Howell limestone...... 
Total thickness of Middle Cambrian...... 


LOWER CAMBRIAN 

Tatow limestone (type locality) 

Limestone: light tan- and blue-gray and little green- 
gray, shaly, some thick-bedded. Much tan clay 
in blue-gray limestone beds.................. 

Limestone: steel- and tan-gray, siliceous, arena- 
ceous; contains tan siliceous clay bands as much 
as 1 inch thick, and trilobite fragments in upper 
8 feet; weathers dark rusty brown.:...,...... 

Limestone: blue-gray; contains blebs of pure cal- 
cite, and flakes and nodules of buff clay; weath- 
ers gray and blue-gray and to extremely rough 
surfaces formed by solution cavities as much as 

Sandstone: limestone, and: shale: green, argilla- 
ceous, calcareous, thin-bedded sandstone and 
green-gray arenaceous shale in lower 8 feet, 
overlain by green-gray arenaceous, banded, 
thick-bedded limestone which weathers dark 
dirty brown. A few trilobites in lower beds... 

Limestone, sandstone, and shale: tan-gray, arena- 
ceous, argillaceous limestone; weathers tan- 
brown, green-gray, calcareous, shaly, slightly 
micaceous sandstone, and a few thin zones of 
gray fissile shale. Sandstone and limestone in 
interbedded 4- to 10-foot zones............... 

Limestone: steel- and dull-gray, fine to medium 
crystalline, channeled, irregularly bedded; chan- 
nels filled with trilobite cranidia and tails. Lime- 
stone weathers rusty brown. Fossil loc. 59-1.. 


Fauna undescribed. Species of Poulsenia 


numerous. 


Feet Meters 
27 82 
485 148 
53 16.1 
24 73 
18 55 

8 24 
35 10.7 
30 92 
10 3.0 


Feet Meters 
835 254.3 
3420 1042.7 
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Sandstone, shale, and limestone: shaly and platy, 
extremely calcareous sandstone; weathers deep- 
brown in lower part, overlain by 5 feet of gray 
limestone, and at top is 15 feet of shale and tan- 
gray, platy, hard, vitreous, calcareous sandstone. 
A few zones of interbedded thin micaceous shale 
and intercalated limestone. Lithologically simi- 
lar to basal Langston of Blacksmith Fork sec- 

Limestone: gray, fine-grained, pure; contains tan 
clay flakes and nodules; weathers to rough ir- 

Total thickness of Tatow limestone....... 


Pioche shale 
Sandstone: gray, calcareous, thick-bedded, hard, 
fine- to medium-grained, quartzitic; weathers 
deep drab-brown and forms cliffs.............. 
Shale: green, hard, finely arenaceous, micaceous; 
Sandstone and shale: mixed zones; gray and gray- 
green, hard, thick-bedded, massive, coarse- 
grained calcareous sandstone; weathers dark- 
brown; interbedded with arenaceous, micaceous 
green shales and shaly, calcareous sandstone. 
Forms broken cliffs and slopes................ 
Sandstone: gray, coarse-grained, extremely calca- 
reous; weathers dirty dark red-brown, and finely 
Shale, sandstone, and quartzite: similar to under- 
lying, but much green, hard, fissile and wavy- 
bedded, finely arenaceous, micaceous shale. 
Large and small worm tubes common......... 
Shale, sandstone, and quartzite: similar to under- 
lying, but more dull-gray, fissile shale and shaly 
sandstone. One good head of Olenellus in float 
of this matrix, and probably occurs in this 
Sandstone, shale, and quartzite: green, micaceous 
sandstone, and some fissile micaceous shale, in- 
terbedded with dark-red, micaceous, arenaceous, 
thick-bedded quartzite. Worm tubes and trails 
common on green micaceous platy sandstones. 
Logical base of Walcott’s Pioche shale........ 


Total thickness of Pioche shale........... 


Prospect Mountain quartzite 

Quartzite and sandstone: drab brown-red and gray, 
coarse-grained, arenaceous, calcareous quartzite, 
interbedded with green, shaly sandstone. Much 


Feet 


12 


59 


Meters 


85 


3.7 


7.0 


24 


18.0 


2.7 


18.3 


17.1 


15.2 
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-—Total——, 
Feet Meters 
165 50.3 
265 80.7 
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r——Total—_, 
Feet Meters Feet Meters 


mica throughout; forms cliffs weathered dirty 

Quartzite: pink and gray, slightly vitreous, coarse- 

grained, very slightly calcareous, strongly cross- 

bedded; weathers red-gray stained brown, and 

pink-white, and forms cliff above dull-green 

Quartzite and shale: pink-tan, coarse-grained, vitre- 

ous, cross-bedded, and a few thin green inter- 

calated sandstones. At top a 2- to 4-inch zone 

of gray fissile, micaceous shale................ 15 46 
Sandstone and quartzite: drab-green and green-tan, 

fine- to medium-grained, massive, thick-bedded 

sandstone; weathers dull gray-green, stained 

rusty brown, and is slightly micaceous and 


Total thickness measured of the Prospect 

Mountain quartzite ................... 123 37.5 
Total thickness of Prospect Mountain- 

quartzite exposed (estimated).......... 1,000 305.0 
Total thickness of Lower Cambrian (?) 

measured and estimated................ 1,430 436.0 
Total thickness of House Range section 

(measured and estimated), exclusive of 

Upper Cambrian above Weeks formation 6,790 2,069.7 


In the original House Range section (Fig. 5) Walcott (1908b, p. 
193) showed 30 feet of shale between his Langston? and the Howell 
limestones, which he correlated with the Spence shale, and for which 
he listed most of the Chisholm shale fauna (Walcott, 1916b, p. 409). 
The contact of the Howell and the Tatow (Langston? of Walcott) 
limestones is perfectly exposed on the west face of the House Range, 
but the Spence shale is not present. The upper 24 feet of the Tatow 
consists of shaly limestone, but shales does not occur at that horizon and 
fossils are absent. As Glossopleura [Bathyuriscus productus (Hall and 
Whitfield) ? of Walcott] is present in a shale and limestone in the upper 
part of the Howell, Walcott may have had this horizon in mind when 
he stated that the Spence shale occurs in the House Range. How- 
ever, the Glossopleura in the upper Howell is neither the Spence nor 


%4 This part of the section was measured on the west face of the House Range, approximately 
1% miles north of Marjum Canyon, eastward up the slopes and cliffs from a point 5,000 feet in 
elevation. Lower beds in the Prospect Mountain quartzite are exposed to the north and at lower 
elevations, but as the buse of the formation is not exposed in the House Range and the lithology 
is similar to that in the upper part of the formation (already given) the thickness was not 
measured. 
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ORIGINAL SECTION 


HOUSE RANGE SECTION, WESTERN UTAH. WALCOTT 1908 
EMENDED SECTION 


Swasey limestone 
Dome limestone 


Howell limestone 


Spence 
angston? limestone 
Pioche shale 


Prospect Mountain 
sandstones 


Base covered 


Asaphiscus-Elrathia zone 


Ordovician limestone 
Dicellocephalus 7 
= | 
Notch Peak limestone 
I L 
I 
I 
Orr limestone and shale 1825 feet 
Crepicephalus 
Tricrepicepholus texonus 
Weeks limestone 
Es Tricrepicephalus texonus 
Weeks limestone (4/390 feet 
Marjum limestone feet Marjum limestone 
= Marjumio-Neolenus zone 
Wheeler shale => 570 feet Wheeler shale 


340 tot Koon estore 


Upper Cambrian section not 
measured above Weeks formation, 
Qs the strato here are covered 

and repeated by faulting. 


ricrepicephalus sp. 


1940 feet measured 
Tricrepicephalus sp. 


“Cedaria” sp. 


Agnostids 


Sate: 
= 


== fauna 


1530 feet 


Elrathia kingi founo 
350 feet 

Agnostid fauna 

3/0 feet 
Glossopleuro-Kootenia founc 


[4835 feet 


Middle-Lower Cambrian 


2 


Prospect Min. quartzite 


Base covered 


"1765 feet Boundary 
265 fees, Olenellus in talus 


41000 feet 


Ficure 5—Comparison of Walcott’s original and the emended House Range sections 


the Chisholm species, and the Spence shale is now believed to be absent 
in the House Range. 

Walcott stated that the Howell is 435 feet in thickness—whereas, 
the formation is at least 835 feet thick—and that the Marjum limestone 
is 1,102 feet—but it measures 1,530 feet in thickness. 
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The most obvious changes which had to be made in the emended 
section (Fig. 5) are the assignment of the Tatow (Langston? of Wal- 
cott) to the Lower, and of the Weeks to the Upper instead of the 
Middle Cambrian where Walcott placed them. 


CAMBRIAN FORMATIONS IN HOUSE’ RANGE 


General statement—The lithologic formations in the House Range 
represents parts or all of the three Cambrian epochs. The Waucobian 
is represented by the Prospect Mountain quartzite, Pioche shale, and 
Tatow limestone; the Albertan by the Howell, Dome, Swasey, Wheeler, 
and Marjum formations; and the Croixan by the Weeks, Orr, and 
Notch Peak limestones. The last two formations were not remeasured 
in 1937. 

Prospect Mountain quartzite—The Prospect Mountain quartzite 
was named and originally defined by Hague, the name being taken 
from the type locality, Prospect Peak, in the Eureka mining district. 
In describing the formation, Hague (1883, p. 254) said: 

“On Prospect Peak the strata have a thickness of 1,500 feet and occur distinctly 
bedded, but in some localities all lines of stratification appear to be wanting. At the 
base of the series the beds are largely composed of conglomerates and brecciated 
masses firmly cemented together with ferruginous material, and the weathered sur- 
faces deeply stained by iron. In the conglomerate quartz pebbles may occasionally 
be seen showing compression and flattening on their broader sides, arranged in the 
beds parallel with the planes of stratification. Interstratified in the lower beds of the 
quartzite are occasional bands of fine-grained arenaceous and micaceous shales nom 4 
a few feet in thickness. No organic remains have been found in this group althoug 
diligent search was made in the interstratified shales, as if they occur they would be 
of the highest paleontological interest.” 

The name, Prospect Mountain formation, has been applied, usually 
in connection with mining reports, to the basal arenaceous Cambrian 
deposits in many widely separated localities in Utah and Nevada during 
the past fifty years. Gilluly (1932, p. 7-9) summarized the literature of 
the formation in his discussion of the Tintic quartzite. In 1908, Walcott 
applied the name Prospect Mountain formation to the Lower Cambrian 
quartzitic sandstones which comprise the base of the House Range sec- 
tion, and estimated that 1,375 feet of thickness is exposed. The name is 
retained here for these rocks, which are drab green-tan, pink, gray, and 
brown-red, coarse-grained, thick- and thin-bedded, impure quartzites and 
quartzitic sandstones; interbedded with green, thin, micaceous and arena- 
ceous shale partings. The arenaceous beds contain much irregularly dis- 
seminated limonite grains, and variable amounts of mica, and the thicker 
ones are cross-bedded. The contact between the Prospect Mountain and 
the overlying Pioche is arbitrarily taken at the base of the first shale inter- 
val. The thickness of the Prospect Mountain quartzite on the west side 
of the House Range is estimated to be 1,000 feet. 
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Pioche shale.—Walcott originally defined the Pioche shale (p. 1157) 
from the Pioche mining district, and later the same year applied the name 
to the 125 feet of beds in his House Range section (Walcott, 1908b, p. 184) 
above the Prospect Mountain quartzite, but had no faunal evidence to sup- 
port the correlation. In 1937, John Mason found Olenellus in the Pioche 
shale of the emended section, and established the evidence for the correla- 
tion of these beds with the lower part of the Pioche of the Highland Range 
section (p. 1156). 

The rocks in the emended House Range section assigned to the Pioche 
consist of alternate zones of gray and gray-green, micaceous, coarse- 
grained, slightly calcareous sandstone, and green, hard, fissile and chunky, 
micaceous, finely arenaceous shale. Olenellus is present but rare 50 feet 
above the base. Lithologically, the Pioche is similar to the underlying 
Prospect Mountain, and also weathers to similar cliffs and steep slopes, 
but may be distinguished by its greater content of interbedded shales, 
finer-grained, and less-quartzitic sandstones, and by the presence of lime 
in most of the sandstones. The Pioche shale does not form a sharply de- 
marcated formation, but is clearly visible along the west face of the House 
Range, from Marjum Canyon northward to beyond Dome (Death) Can- 
yon, beneath the red-brown cliffs of the Tatow limestone. 

In his House Range section, Walcott doubtfully correlated the limestone 
above the Pioche shale with the Langston of Blacksmith Fork, and as- 
signed it to the Middle Cambrian. The rocks overlying the Pioche form 
cliffs in the House Range, weather to red-brown slopes similar to those 
formed of Langston limestone in Blacksmith Fork, and occupy relatively 
the same position in the section. However, in the House Range these 
rocks are not dolomitic, contain more arenaceous shale, and also contain 
a Poulsenia fauna. Poulsen (1927, p. 265) and Resser (1936, p. 26) be- 
lieve Poulsenia to be Lower Cambrian in age. Consequently, these rocks 
cannot be correlated with the Middle Cambrian Langston formation, and 
must be renamed. 


Tatow limestone: original definition—The Tatow limestones and cal- 
careous sandstones lie between the Pioche shale and the Howell limestone, 
and crop out along the west face of the House Range. The formation 
is 165 feet thick in the vicinity of Marjum Canyon, and forms characteris- 
tic red-brown cliffs and steep slopes below the overlying black limestone 
ciiffs of the basal Howell. 

The lower 40 feet of the Tatow consists of gray, fine-grained limestone 
which contains tan clay flakes and nodules, calcareous platy sandstone, 
and micaceous shale partings. The upper 125 feet of the formation is com- 
posed of steel-, tan-, and blue-gray, more or less oolitic and arenaceous 
limestone; interbedded with green-gray, argillaceous, calcareous, thin- 
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bedded sandstone; and irregular zones or partings of fissile to chunky 
arenaceous and micaceous.shale. Poorly preserved fossils occur in the 
limestones 50 feet above the base and 32 feet below the top of the forma- 
tion. The fauna consists of three new species of Poulsenia, Hyolithes sp., 
Zacanthoides cf. levis (Walcott), and several new genera of trilobites and 
brachiopods. As these species are most closely related to known Lower 
Cambrian forms the Tatow limestone is tentatively assigned to the Wau- 
cobian. 

The Tatow limestone takes its name from Tatow Knob, 14 miles north 
of Marjum Pass, but the type section was measured 114 miles north of 
Marjum Pass. The exposure of the formation on the west face of Tatow 
Knob is shown in Walcott’s paper (1908b, pl. 17). 

The Middle-Lower Cambrian contact has not been accurately located 
in the House Range. The present boundary is placed arbitrarily between 
the Tatow and the Howell limestones because the Tatow contains a 
Waucobian fauna, whereas the Howell, which seems to have been formed 
by continuous deposition, contains an early Albertan fauna 635 feet above 
the base. 

Walcott (1908a, p. 11) originally defined the Howell formation as “dark, 
more or less massive limestone and pinkish argillaceous shales,” and stated 
that the type locality is “in slopes of Howell Peak, on the west side of the 
House Range, about 5 miles west of Antelope Springs, House Range, 
Utah.” Walcott also measured his section at his type locality, which is 
approximately 5 miles north of the emended section. The original defini- 
tion of the Howell is inadequate, and the section given by Walcott is in- 
correct, as it omits the shales in the upper part, does not distinguish the 
lower black and the overlying white-gray cliff-forming limestones, and 
states that the middle cliff-forming limestone is lithologically the same as 
the upper 50 feet of the formation (“lce. Bluish black limestone, similar 
to la”) (Walcott, 1908b, p. 182). Consequently, the Howell formation 
must be emended. 


Howell limestone: emended definition—The Howell limestone forms 
the black and white cliffs and the overlying shale slopes on the west face 
of the House Range, from the mouth of Marjum Canyon northward to a 
point beyond Tatow Knob. In the vicinity of Marjum Canyon the forma- 
tion is 835 feet thick, and in the upper third contains numerous and well- 
preserved Glossopleura and Kootenia that are identical with those in the 
Damnation fauna of Montana, and establish the early Middle Cambrian 
age of the Howell. 

The lower 275 feet of the Howell consists of black- and dark-gray, fine- 
grained, extremely thick- to thin-bedded limestone which contains buff 
clay flakes and nodules, and numerous Algae, rarely as much as 114 inches 
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in diameter. This limestone forms the sheer dark- or black-gray cliffs 
above the Tatow limestone. Above the basal black zone is a light-gray 
zone, 340 feet thick, composed of pale gray, pinkish, and light tan-gray, 
massive, fine-grained, more or less argillaceous, thick- and thin-bedded 
limestone which contains blebs of white calcite and tan clay flakes, inter- 
bedded with pinkish zones near the middle. This limestone forms the 
sheer, light-gray cliffs above the black ones on the west face of the House 
Range. The upper 225 feet of the Howell are composed of alternating 
thicker zones of dull- and black-gray fine-grained limestone which con- 
tains buff and reddish tan clay flakes, and thinner zones of gray and tan 
fissile shale. This interval (225 feet) forms the slopes above the light- 
gray cliffs, and contains the fossils which establish the Albertan age of, 
and correlate this part of the Howell with, the Damnation limestone of 
northwestern Montana. 


Dome limestone—The Dome limestone rests conformably upon the 
Howell in the House Range. Walcott (1908a, p. 11) defined the Dome 
formation as “massive bedded, gray siliceous limestone,” and stated that 
the type locality is “at the head of Dome Canyon.” The emended section 
of the Dome was measured on the north side of Marjum Canyon, where 
the formation is 310 feet thick, and consists of black- and dark-gray, 
thick- and thin-bedded, fine-grained limestone, which contains drab-tan 
and maroon clay flakes, laminae, and nodules in the lower two-thirds, and 
dull-gray argillaceous pure limestone in the upper third. The Dome lime- 
stone forms sheer gray cliffs wherever exposed in the House Range, is 
Middle Cambrian in age, and appears to be unfossiliferous. 

The type locality and the original section of the Swasey formation were 
on the slopes of Swasey Peak, which is several miles north of Dome 
(Death) Pass, and, therefore, not in a continuous section with the under- 
lying formations which Walcott measured in, and south of, Dome Canyon. 
The original definition of the Swasey is (Walcott, 1908a, p. 11): “Bluish 
gray, oolitic, and arenaceous limestone, with some calcareous and argilla- 
ceous shales.” As Walcott’s section of the Swasey was not part of a 
continuous section, and as the original definition of the formation is not 
sufficiently precise, the Swasey limestone is redefined, and the type section 
is assigned to Marjum Canyon, where these rocks form part of the con- 
tinuous emended Middle Cambrian section, are completely exposed, and 
contain abundant fossils. 


Swasey limestone: emended definition.—The lower 38 feet of the Swasey 
consists of interbedded dull-gray, fine-grained, platy, argillaceous lime- 
stone and clay shale. The limestone contains much bright-tan clay on 
bedding surfaces, and numerous well-preserved cranidia and pygidia of 
Ehmania. This 38-foot interval weathers to bright tan-buff slopes strewn 
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with platy limestone fragments. The overlying 50 feet of the Swasey is 
composed of dull- and dark-gray, platy and a few arenaceous limestones 
which form a small cliff between the shale slopes, and contain, at the top, 
several beds of Ehmania-coquina. Above the cliff-forming limestone is 
a 29-foot zone of green micaceous, chunky and fissile shale and interbedded 
gray, thin-bedded limestones which increase in amount upward, and con- 
tain numerous well-preserved cranidia belonging to several new genera. 
The upper 278 feet of the Swasey consists of dark- and black-gray, 
medium-grained, massive and irregular-bedded limestone which contains 
oolites in the lower, and small Algae (Girvinella?) in the upper part, and 
forms dark-gray sheer cliffs (P].2). This limestone is mottled and banded 
irregularly dark- and light-gray in the lower middle part, and contains 
much buff and maroon clay as flakes and nodules. The upper 25 feet 
weathers to buff-tan rounded slopes above the dark-gray cliffs. 

The Wheeler shale was originally defined from the type locality in 
Wheeler Amphitheater by Walcott (1908a, p. 11), as “alternating bands 
of thin shaly limestone and calcareous shale.” Little more information 
was given in the type section of the formation, other than its thickness 
(570 feet) and the approximate positions of the fossiliferous horizons 
(Walcott, 1908b, p. 181). In order to obtain a continuous Middle Cam- 
brian section the emended section of the Wheeler shale was measured 
south of Marjum Canyon, 10 miles southwest of Wheeler Amphitheater. 
Although Walcott’s original definition of the Wheeler is correct, it is so 
generalized and incomplete that the formation must be redefined. 


Wheeler shale: emended definition—The Wheeler totals 350 feet in 
thickness, and contains numerous fossils, of which Elrathia kingi (Meek) 
and Asaphiscus wheeleri Meek are the most common and diagnostic. The 
formation consists of dull sooty black, fine-grained, hard, platy and, rarely, 
fissile calcareous shale, which weathers pale-gray and contains numerous 
intercalated argillaceous and finely arenaceous platy limestones which 
increase slightly in amount upward and cause the weathered slopes to ap- 
pear buff. At 85 feet below the top of the Wheeler is a 2- to 4-foot zone 
of black, thick-bedded, fine-grained limestone which weathers bright 
orange-tan and forms a striking horizon marker. The Wheeler shale is 
poorly exposed in most of the House Range but forms pale buff-gray slopes 
wherever it occurs. 

The youngest Middle Cambrian rocks in the House Range comprise the 
Marjum formation, which Walcott measured in his type locality on the 
south side of Marjum Pass. The original definition of the Marjum was 
given by Walcott (1908a, p. 10), who stated: “Gray to dark, more or less 
thin-bedded, arenaceous limestone.” As the definition is inadequate and 
misleading, it is here emended. 
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Marjum limestone: emended definition—The emended section of the 
Marjum was measured on the spur which forms the west side of Rainbow 
Valley. In this area the beds are well exposed and are not disturbed by 
faults of large throw, but well-preserved fossils are scarce, particularly 
in the upper half of the formation. Consequently, although the thickness 
(1,530 feet) is believed to be accurate, the upper boundary of the Marjum, 
and, therefore, of the Middle Cambrian, is not marked by a sharp lithologic 
change and is not closely determined upon paleontologic evidence. The 
upper part of the Marjum as here defined may contain some beds of Upper 
Cambrian age, but the overlying Weeks formation does not contain any 
Middle Cambrian rocks. 

The rocks which comprise the lower 102 feet of the Marjum are black-, 
blue-, and dull-gray, fine- to medium-grained, fossiliferous limestones 
which contain buff and orange-tan clay flakes. The limestone weathers 
gray and forms a steeper slope above the Wheeler shale. Overlying the 
basal limestone is a zone, 878 feet thick, which consists of alternate inter- 
vals of sooty black calcareous shale, lithologically similar to that in the 
Wheeler, interbedded with varying thicknesses of dark- and light-gray 
fossiliferous limestone. The upper 450 feet of the Marjum consists of 
black- and dull-gray, fine-grained, thin-bedded limestone which contains 
many red and tan arenaceous clay partings in the lower two-thirds, and 
is thicker-bedded and finely laminated in the upper third. 


Weeks limestone.—Walcott (1908a, p. 10) assigned the Weeks to the 
Middle Cambrian in 1908, and quoted (Walcott, 1912, p. 154) the same 
age for the formation in 1912, but correctly noted the presence of T'ricrepi- 
cephalus (“Crepicephalus texanus”). The Weeks formation contains 
numerous individuals of T'ricrepicephalus throughout the upper 1,000 feet 
of the emended section, and of Cedaria? at approximately the lower third, 
in addition to other Dresbach fossils. However, in 1935, the Weeks forma- 
tion of the House Range (Nolan, 1935, p. 25) was still assigned to the 
Middle Cambrian, in spite of the known faunal evidence. As only the 
Lower and Middle Cambrian section was carefuly studied in 1937, and 
the upper boundary of the Weeks was not discovered, the formation can- 
not be emended now. The facts should be emphasized that Weeks is con- 
siderably thicker than Walcott stated (more than 1,940 feet instead of 
1,390 feet), and that, as the formation contains Tricrepicephalus and other 
Dresbach genera, its age is Upper, and not Middle, Cambrian. 


HIGHLAND RANGE AREA, NEVADA 
LOCATION OF AREA 


The Highland Range is in southeastern Nevada (Fig. 1), approximately 
25 miles west of the Utah line, in the eastern central part of the Great 
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Basin, and was in the deeper part of the Cordilleran trough. The Cam- 
brian section on the west side of the Range is 140 miles south-southwest 
of the House Range section and 170 miles northwest of the male Canyon 
at Bright Angel Point. 


' SUMMARY OF PREVIOUS WORK IN HIGHLAND RANGE AREA 


The first geological report in which the Highland Range is mentioned 
was published by Howell (1875, p. 243-244), who noted the presence of 
a basal quartzite, overlain by 400 feet of fossiliferous shale, in turn capped 
by 400 feet of limestone. In 1883, Hague referred to Howell’s “section” 
near Pioche, and noted the presence of Olenellus in the Highland Range 
(Hague, 1883, p. 256-257). 

Walcott (1886, p. 33-34) was the first to measure a detailed section of 
the Cambrian rocks in this range. He measured his section “. . . on 
the west side, half way between Bennett’s Spring and Stampede Gap,” 
divided the rocks into 23 unnamed units, located faunas at various hori- 
zons in the section, and correlated the rocks with the Potsdam sandstone 
of Wisconsin. In 1888, Walcott (1888, p. 162-163) quoted his section in 
the Highland Range and assigned the Olenellus and Zacanthoides spinosus 
beds to the Middle Cambrian. In 1891, he again quoted his section (Wal- 
cott, 1891, p. 317-318), noted that the Olenellus zone is thin, and corre- 
lated interval number 21 of his section with the Paradozides zone of the 
Atlantic province, and interval number 23 with the upper “Potsdam of 
Wisconsin.” In 1916, Walcott (1916b, p. 409) defined the Chisholm shale 
(p. 1160), but did no further field work in the Pioche area or Highland 
Range. 

Additional information was not published on the Cambrian rocks of 
the Highland Range until 1927, although Pack (1906, p. 290-292) worked 
on these rocks in the vicinity of Pioche, Nevada, before 1906. In 1927, 
Westgate published a detailed section; named the Lyndon, Highland Peak, 
and Mendha limestones; and described the Cambrian formations in the 
Highland Range (Westgate and Knopf, 1927, p. 818-822). 

In 1932, Westgate (Westgate and Knopf, 1932, p. 6-14) published his 
latest discussion of the Cambrian rocks in the Highland Range, and ampli- 
fied his earlier descriptions by means of detailed sections of the forma- 
tions, an areal geologic map, and a structure section. 

Burling (1914, p. 96-98, 120-125) was the first to point out—although he 
confused the Chisholm shale with the upper part of the Pioche—that the 
Pioche shale of Walcott (1908b, p. 184) contained both Lower and Middle 
Cambrian fossils, and that the earlier collections from the lower (Olenellus 
gilberti) and higher (Kochaspis liliana) zones had apparently been lumped 
together in the United States National Museum. Strangely enough, West- 
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gate made no reference, either in his bibliography or in his discussion of 
the Pioche shale, to Burling’s paper. Instead, he quoted Walcott’s faunal 
list (Walcott, 1912, p. 189-192), apparently made no detailed fossil col- 
lections from zoned horizons in the Pioche, and assigned the entire forma- 
tion to the Lower Cambrian. 

Prior to 1936, Mason found Albertella, Kootenia, and other Middle 
Cambrian genera in the upper part of the Pioche shale on the west side of 
the Highland Range, and suggested to Grabau (1936, p. 276) that the 
Middle-Lower Cambrian boundary is within the Old Pioche formation of 
Walcott and of Westgate and Knopf. Mason also named the upper 545 
feet of the old Pioche, the Comet shale (Grabau, 1936, p. 275), and as- 
signed the formation to the Middle Cambrian but failed to define or indi- 
cate a type locality. In the same communication, Mason used the name, 
Forlorn Hope shale, for the 115 feet of beds below his “Comet shale”, and 
restricted the name Pioche to the 305 feet of rocks between the “Forlorn 
Hope shale” and the underlying Prospect Mountain quartzite. Although 
Mason enumerated the beds, he gave neither definitions nor type locali- 
ties of the formations. 

The writer visited the Highland Range with Mason in 1937; carefully 
remeasured a continuous section of the Pioche, Lyndon, and Chisholm 
formations; accurately zoned newly collected fossils in the section; and 
ascertained the exact faunal sequence in the Pioche shale, in order to estab- 
lish more precisely the Middle-Lower Cambrian boundary. The remeas- 
ured section and the stratigraphic horizons of the faunas are given here. 


HIGHLAND RANGE SECTION 


A continuous section from Lower to Upper Cambrian is not available 
in the Highland Range of Nevada, as the beds are faulted and covered 
by talus, soil, and alluvium. The best-exposed section of Lower and 
Middle Cambrian rocks is in the vicinity of Lyndon (Shodde) Gulch on 
the west face of the range, where Walcott (1886, p. 33) measured his sec- 
tion. Westgate also measured part of his section of the Highland Range 
in the vicinity of Lyndon Gulch. In his discussion of the Pioche and 
Lyndon formations, Westgate (Westgate and Knopf, 1932, p. 9-10) said: 

“The only place where the formation is unfaulted and where its thickness can be 
accurately measured is along the west base of the Highland Range... . A better 
exposed and probably more accurate section (Fig. 4), taken on the ridge north of 


Lyndon Gulch, gave a thickness of 1,120. . . . The following section (of Lyndon 
limestone) was taken on the ridge south of Peaseley Canyon, on the west side of the 


Highland Range.” 


Fossils are unknown from the Highland Peak limestone, and a con- 
tinuous section of the formation is not available. Consequently, the upper 
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part of the Middle Cambrian section was not remeasured, and the thick- 
ness and lithology given by Westgate are assumed to be accurate. 

The following section was measured on the west side of the Highland 
Range, on the ridge between Lyndon Gulch and Burrows Canyon, from a 
point approximately 6,550 feet in altitude, eastward up the ridge, to the 
base of the Lyndon limestone. The contact of the Lyndon limestone and 
the Pioche shale was traced southward to the ridge which forms the south 
side of Lyndon Gulch, where the section was measured eastward to the 


base of the Highland Peak limestone. 
MIDDLE CAMBRIAN 


Highland Peak limestone 

Limestone: dull-gray, fine-grained, in 1- to 4-inch 
beds; contains crypto-oolites and tan clay 
flakes; weathers dull-gray stained buff. Clay 
pale, bright-buff on fresh fracture; weathers 
red on bedding surfaces. Forms basal beds of 
Highland Peak limestone ................... 


Chisholm shale 


Shale: dull-olive-green and tan-green, calcareous, 
and some beds of maroon argillaceous and cal- 
careous shale and shaly limestone; weathers 
dull-tan, olive-tan, and some maroon. Top of 

Fossits: See fossil loc. 57 base. Fossils 
not zoned within Chisholm. 

Limestone: one bed: dull-gray, similar to under- 
lying 2%-foot limestone but more strongly 
banded with irregular tan clay laminae........ 

Shale: olive-tan, extremely calcareous; weathers 


Limestone: dull-gray, argillaceous, thick-bedded; 
contains much tan clay as flakes, nodules, and 
bands which weather rusty tan and in relief... 

Shale: dull-green and green-gray and tan, ex- 
tremely calcareous, fossiliferous; weathers dull- 
green and tan. A few beds of shaly, argilla- 

Limestone: black- and blue-gray, thin-bedded, fine- 
grained; contains much tan-buff clay as flakes, 
nodules, and partings, and some small Algae. 
Trilobites and brachiopods present but rare. 

Shale: dull-green, tan, gray, and red alternating, 
calcareous, hard, irregularly bedded, slightly 
fossiliferous; weathers to same color as fresh 
fracture, but all stained tan. Forms tan-col- 


Feet Meters 
25 08 
21 64 
05 0.1 

1 03 
25 08 
22 6.7 
4 13 
53 16.2 


-— _Total——, 
Feet Meters 
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Limestone: dark blue-gray and black, fine-grained, 
faintly banded, in 2- to 24-inch beds; contains 
small oval Algae and irregular grains and bands 
of buff and red limonitic clay, and fragmentary 
fossils; weathers blue-gray, and forms ledge in 

Shale: tan and olive-green-tan. Interval much 
covered. Base of fossil loc. 57.......0........ 


Fossits or CHISHOLM SHALE: 
Eocystites? longidactylus Walcott 
Amecephalus piochensis (Walcott) 
Clavaspidella howelli (Walcott) 
Glossopleura packi Resser 
Zacanthoides typicalis Walcott 


Lyndon limestone (type locality) 
Big Bed member 

Limestone: black-gray, fine- to medium-grained, 
thick-, thin-, and irregular-bedded (1% to 20 
inches, average 12 inches). Some crystalline 
blue-gray limestone in upper part. Contains 
occasional partings and 14-inch zones of buff- 
tan and flakes of tan clay; weathers dull- and 
black-gray and to irregular surfaces, and forms 
broken ledges above limestone cliffs.......... 


Total thickness of Big Bed member....... 
Limestone: pale-gray, fine-grained, thick- and ir- 
regular-bedded; weathers light-gray and to 
sharp points on joint and bedding surfaces, and 
forms upper light-colored cliffs of Lyndon lime- 
stone on west side of Highland Range........ 
Limestone: black-gray, fine-grained, thick-bedded, 
some beds petroliferous; contains tan clay 
flakes and white calcite veinlets as much as 4 
inch thick; weathers black- and dull-gray, and 

to rough surfaces and sharp points............ 
Limestone: duller gray than underlying interval, 
fine-grained, thick-bedded; weathers light-gray 
Limestone: pale-gray or dove-colored, fine-grained 
to lithographic, thick- and thin-bedded, spotted 
with limonite grains and limonitic buff clay; 
Limestone: dull-gray, medium-grained, argillaceous, 
thin-bedded (14 to 2 inches); contains numer- 
ous irregular white calcite nodules or thick ir- 
regular flakes; weathers dull-gray............ 
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Limestone: pale-gray, thick- and thin-bedded, mas- 
sive, hard, fine-grained; flakes and nodules of 
buff-tan clay; weathers pale-gray and forms 
rounded ledges in buff slope.................. 

Limestone: sooty black, fine-grained, some thin- 
bedded (14 to 2 inches) in lower part overlain 
by oolitic limestone. In upper part, dull-gray, 
thicker-bedded; forms ledges beneath buff- 

Limestone: dark-gray, massive, thick- and thin- 
bedded; contains clay flakes Algae and calcite 
markings; weathers dark- and dull-gray and to 
rough points, and forms rounded ledges....... 

Limestone: similar to underlying, but more argilla- 
ceous and thinner-bedded, and contains Algae 
¥% to % inch in diameter; weathers dark-gray. . 

Limestone: dark- and black-gray, fine-grained, 
slightly petroliferous, thick-bedded (3 to 8 
feet) ; contains tan clay flakes, limonitic lami- 
nae, and white calcite in thin (1 mm.) flakes 
and markings. Weathers dull-gray and to rusty 
stained cliffs. Joint and bedding surfaces 
weathered to sharp points and cavities........ 


Total thickness: of Lyndon limestone..... 


Comet shale (type locality) 

Limestone: buff- or drab-gray, argillaceous, im- 

pure, arenaceous, thin- and irregular-bedded; 
weathers red-tan. Contains Kootenia locally * 

Limestone: blue-gray, fine-grained, thick-bedded 
(8 to 24 inches); contains Algae; weathers 


Sandstone: drab-buff and gray, micaceous, ex- 
tremely calcareous, massive, thick- and thin- 
bedded, weathers to drab-brown plates........ 

Shale and sandstone: drab green-tan, arenaceous, 
micaceous shale, and thin-bedded fine-grained, 

Limestone and shale: tan-gray, thin- and thick- 
bedded, arenaceous, argillaceous, impure lime- 
stone; weathers rusty tan and simulates weath- 
ered sandstone. Lower middle of drab-green, 
caleareous, chunky shale ..................... 

Limestone: two beds: blue-gray, fine-grained, fos- 
siliferous; contains buff clay flakes which 
weather rusty orange-tan. Limestone weathers 
blue-gray and contains rare Kootenia......... 


1%6 J, F. Mason: oral communication. 
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Limestone, sandstone, and shale: drab-tan and buff- 
gray, extremely calcareous sandstone, arena- 
ceous limestone, and drab-green, calcareous, 
finely arenaceous shale in middle of interval. 
Weathers drab-tan. Upper fourth of interval 


Limestone: gray and blue-gray, thick- and some 
thin-bedded, banded lighter gray in lower part; 
contains oolites, flakes and nodules of tan and 
buff clay. Algae common in some beds. This 
is Albertella zone, and fossil loc. 56-4 in lower 


Fosstis: Albertella n. sp. 
cf. Blackwelderia sp. 
Hyolithes sp. 
Kootenia n. sp. 
Nisusia? sp. 

Shale, limestone, and sandstone: drab-tan, fine- 
grained, micaceous, argillaceous sandstone and 
arenaceous shale interbedded with impure, gray 
limestone in 2- to 8-inch beds which contain 
large (34 to 1%4 inches) Algac................. 

Limestone: blue-gray, medium-grained, thick- 
bedded, nearly pure; -contains some Algae; 
weathers blue-gray and forms ledge........... 

Sandstone and shale: dull-green and drab sand- 
stone and sandy shale interbedded; all beds 
contain some mica and weather olive-drab. 
Upper 8 to 10 feet very slightly calcareous, 
massive-bedded, buff-weathering sandstone ... 

Limestone: dark blue-gray, massive, medium- 
grained to crystalline; contains clay flakes and 
irregular laminae, and 4- to 14-inch Algae in 
upper part of some beds; weathers dull-gray. 
This is the “Twenty-foot bed” of local mining 
usage (Westgate and Knopf, 1932, p. 64)...... 

Sandstone and shale: drab, micaceous, very slightly 
calcareous sandstone, and drab-tan, finely 
sandy, chunky calcareous shale; all beds 

Limestone: one bed: blue-gray and gray, medium- 
grained; contains Algae, and tan clay flakes 
and irregular laminae; weathers gray......... 

Sandstone and shale: drab-tan, micaceous, thin- 
bedded but massive sandstone, and arenaceous 
and a few calcareous shales; weathers drab-tan 

Shale, sandstone, and limestone: green, fissile, mi- 
caceous, slightly arenaceous shale and some in- 
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Feet Meters Feet Meters 
31 9.5 
15 46 
20 6.1 
10 3.0 
57 17.4 
25 76 
8 24 
1-15 03-05 
75 23 
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tercalated shaly sandstone. At upper and lower 
thirds 12- to 18-inch bed of blue-gray pure 
limestone which contains Algae 4% to % inch 
in diameter. Upper third of interval more 
Limestone: gray and blue-gray, thick-bedded, fine- 
grained, pure. Upper bed contains Algae, 1 inch 
Shale: drab green-tan, chunky, more micaceous 
than underlying; weathers olive-tan.......... 
Shale and limestone: green and drab-green, fissile, 
thin- and smocth-bedded, hard shale, inter- 
bedded with drab-gray, micaceous, arenaceous, 
thick-bedded limestone which weathers rusty 
brown; shale weathers green................. 
Shale: drab-tan, micaceous, arenaceous, thick- 


Limestone: one bed: blue-gray, fine- to medium- 
grained, hard, irregularly banded with rusty and 
buff clay; weathers gray, banded rusty brown.. 

Sandstone: drab-tan, fine-grained, micaceous, argil- 
laceous, calcareous, in beds as much as 3 feet 
thick; weathers dull-tan...................... 

Shale and sandstone: drab-tan, chunky, micaceous 
shale, and same type of thin-bedded sandstone 

Sandstone and shale: drab-brown, thin-bedded, mas- 
sive sandstone; contains worm tubes on some 
beds. Shale 1 foot thick at 2% feet below top. . 

Limestone: drab and gray, fossiliferous, banded 
rusty brown by irregular laminae of clay; 
weathers gray. Girvinella and crypto-oolites in 
upper beds which are more blue-gray. Fossil 


Kochaspis augusta (Walcott) 
K. liliana (Walcott) 
Several undescribed genera 


Total thickness of Comet shale........... 


LOWER CAMBRIAN 

Pioche shale restricted (type locality) 

Sandstone: dark green-tan, medium- to fine-grained, 
hard, calcareous, platy and some cross-bedded, 
much mica on bedding surfaces, more calcare- 
ous upward; weathers drab-green and to platy 

Shale: drab olive-green, chunky, finely micaceous; 
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r——Total——,, 
Feet Meters Feet Meters 


32 , 98 
25 08 
15 46 
54 165 
3 10 
15 0.5 
5 15 
20 6.1 
13 40 
4 12 

370 113.1 

852 260.1 
6 18 
14 43 


grace 
Total thickness of Middle Cambrian...... 
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Limestone: gray and blue-gray, fine- and medium- 
grained, thick- and thin-bedded (8 to 1 inch), 
more or less fossiliferous; weathers gray. Fossil 


Fossits: Stenotheca elongata? Walcott. 
C. E. Resser now believes that S. 
elongata Walcott is a bivalved 
crustacean. 


Shale and sandstone: drab-tan, finely micaceous and 
arenaceous shale, and 2- to 8-foot zones of olive- 
gray and green-tan, calcareous, thick- and thin- 
bedded argillaceous sandstone which weathers 
to rusty brown and tan surfaces and contains 
much mica on some bedding surfaces. Shale 
weathers drab 

Sandstone: drab-tan, extremely fine-grained, cal- 
careous; weathers drab-brown................ 

Shale: drab-brown, chunky. Interval partly covered 

Limestone: blue-gray, medium crystalline, fossil- 
iferous; weathers gray. Zacanthoides levis? 
(Walcott) occurs in upper part............... 

Sandstone and shale: drab-tan, fine-grained, chunky 
or thin-bedded, slightly micaceous, calcareous 
sandstone, and similar sandy micaceous calcare- 
ous shale; weathers drab-tan. More fissile and 
less micaceous in upper fourth................ 

Shale: dull tan-brown, chunky, very to moderately 
micaceous, finely arenaceous in some beds; 

Limestone: gray and blue-gray, fine to medium 
crystalline, thick- and thin-bedded, argillaceous 
and pure. Upper 2 feet more crystalline, and 
contains fossils. Fossil loc. 56-2.............. 


Fossits: Fauna unstudied; consists of sev- 
eral new genera. 


Shale: green-tan, fissile; weathers drab-green..... 
Limestone: drab-gray, fine-grained, argillaceous, 
finely arenaceous. Upper 2- to 3-inch bed a 
trilobite hash; weathers gray. Lower bed 
weathers drab rusty brown................... 
Shale: olive-green, fissile, hard, very slightly mica- 
ceous and nonmicaceous; weathers dull olive- 
Shale: drab-green, fissile, slightly micaceous, hard, 
smooth-bedded; weathers dull- or drab-green. . 


1€ This is strikingly different shale than greenish shale below next interval. 


Feet Meters 
4.5 14 
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24 7.3 
25 08 
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44 13.4 
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45 14 
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Shale and sandstone: drab-tan, sandy, chunky shale, 
and calcareous shaly sandstone. Interval partly 

Limestone and shale: tan and olive-brown, fissile 
clay-shale, olive-tan, argillaceous, shaly weath- 
ering limestone banded reddish brown, capped 
with 6-inch bed of gray, fine-grained rough- 
weathering limestone. Some beds more or less 
sandy. Forms top of “Combined Metals bed” 
of local mining terminology.................. 

Limestone: drab-gray, fine-grained, argillaceous, 
thin-bedded, and in upper part a 2- to 6-inch 
bed of gray and blue-gray, medium-grained fos- 
siliferous limestone which forms fossil loc. 56-1. 
Lower beds irregularly banded drab-brown, and 
weather olive-gray-tan. Upper bed weathers 

Fossius: Olenellus gilberti? (Meek) 
Several new genera 
Zacanthoides levis (Walcott) 


Interval covered: underlain by green-tan shales and 
sandstones, and possibly limestones™......... 
Shale and sandstone: green-gray, sandy chunky 
shale in zones % to 7 inches thick, interbedded 
with shaly argillaceous sandstone; interval 
weathers green-buff. Contact of Pioche shale 
and Prospect Mountain quartzite well exposed 


Total thickness of Pioche shale........... 


Prospect Mountain quartzite 
Quartzite: dark brown-red, medium-grained, sandy, 
limonitic, streaked tan-brown; weathers dark 
Quartzite: pink, coarse-grained, vitreous, thick-, 
thin-, and cross-bedded; some beds tan and 
rusty; weathers rusty and red-brown, and con- 
tains specularite rosettes on bedding surfaces. . 
Shale and sandstone: drab-green, chunky and some 
fissile, arenaceous shale and a few thin-bedded 
sandstones; weathers drab-green, and contains 
few micaceous worm borings (Estimated)..... 
Quartzite: pink-gray, buff-gray, and rusty tan, me- 
dium-grained, in beds 6 to 10 inches thick, 
strongly cross-bedded; weathers rusty brown. . 
Total thickness measured of Prospect 


Mountain quartzite ................... 


Feet Meters 
40 122 
16 49 

7 2.1 
250 76.4 
5.5 ia 

2 0.6 
35 10.7 
25 76 
10 3.0 


Feet Meters 
600 183.2 

72 219 


17 The thickness, 250 feet, is quoted from that given for the Combined Metals Mine by Knopf 
(Westgate and Knopf, 1932, p. 55) and is used here because this part of the Pioche shale on the 
west side of the Highland Range is covered by float and talus of limestone. ‘ 
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Feet Meters Feet Meters 
Total thickness estimated of Prospect 


Mountain quartzite exposed............ 450 137.2 
Total thickness of Lower Cambrian section 

measured and estimated................ 1050 320.4 
Total thickness of Highland Range Cam- 

brian section measured and estimated. . 1902 580.5 


Comparison of the original and emended sections (Fig. 6) shows four 
striking differences: (1) the Middle-Lower Cambrian boundary is 370 feet 
lower stratigraphically and is within the Pioche shale of Westgate; (2) 
the emended Pioche shale is restricted to beds which contain Lower Cam- 
brian fossils and is 600 feet thick; (3) the name Comet is given to the 370 
feet of shales and limestones formerly assigned to the upper part of the 
Pioche formation; and (4) the total thickness of the Pioche, Comet, 
Lyndon, and Chisholm formations is 242 feet less than the total given by 
Westgate. 

CAMBRIAN FORMATIONS IN HIGHLAND RANGE 

Prospect Mountain quartzite —The Prospect Mountain quartzite under- 
lies the Pioche shale on the west side of the Highand Range, in the vicinity 
of Lyndon (Shodde) and Burrows Gulches. The quartzite was not meas- 
ured in the emended section. Its character in the Highland Range is ade- 
quately described by Westgate (Westgate and Knopf, 1932, p. 6-8) and 
the formation is discussed in connection with the House Range. 


Lower Cambrian shales——The Pioche shale was originally defined by 
Walcott (1908a, p. 11) as “arenaceous and argillaceous shaly layers with 
some thin layers and bands of limestone more or less irregularly inter- 
bedded and limited in horizontal distribution.” Walcott stated that the 
type locality of the Pioche shale is “southeast of the town of Pioche, 
Nevada, on the road to Panaca, Utah (Nevada?).” In his discussion of 
the thickness of the formation, he said (Walcott, 1908a, p. 11-12): 


“At Pioche, Nevada, 210 feet. On the west face of the Highland Range, 18 miles 
west of Pioche, this formation is 170 feet thick. In the Eureka District of Nevada, 
135 miles northwest of Pioche, this formation lies between the Prospect Mountain 
—- sandstone and the great limestone series and is about 200 feet in thickness. 

n the House Range section, 105 miles north-northeast of Pioche, the formation is 
125 feet thick. In the Big Cottonwood section of the Wasatch Range, about 125 
miles northeast of the House Range, near the old shore line, the Pioche formation is 
mpeerented by the lower portion of the arenaceous shales which are here 250 feet in 
thickness. 


Only small parts of the Pioche shale are exposed in the vicinity of 
Pioche, as the formation is much faulted (Westgate and Knopf, 1932, p. 
9), and the Pioche as Walcott used the term is actually 970 feet or more 
in thickness on the west side of the Highland Range. Westgate was the 
first to note the great thickness (“1,120 feet”) of the rocks between the 
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PART OF HIGHLAND RANGE SECTION, EASTERN NEVADA. WESTGATE 1932 
ORIGINAL SECTION EMENDED SECTION 
Highland Peak limestone 3000 feet 
== \ 
Chisholm shale —=====2 /60 feet \ Highland Peak limestone not measured 
Chisholm shale E====4/37 feet 
= 
“Big bed" member -———1_1 34 feet 
Ka 
Lyndon limestone 400 feer 
Lyndon limestone Fr 345 feet 
__Middie-Lower Cambrian 
Boundary of Walcott 
“Albertello Kootenia fauna 
== Comet shale 370 feet 
== — —Middle-Lower Combrien Kochospis liliana zone 
Boundary = 
Pioche shale P= 1/4 feet = 
: Pioche shole 600 feet 
Olenellus fauna 
== Covered interval 
== Prospect Min. quortzite 450 feet exposed. Estimated 
== Base covered 
Prospect Mtn. quartzite 1500 feet 
Base covered 


Ficus 6—Comparison of parts of Westgate’s original and the emended Highland 
Range sections 


Prospect Mountain and the Lyndon formations. He redefined the Pioche 
shale and gave Lyndon Gulch as the type section (Westgate and Knopf, 
1932, p. 8-10), but did not collect fossils from the formation, ignored 
Burling’s suggestion (p. 1148), and assigned the entire formation to the 
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Waucobian. Burling correctly believed that the original Pioche included 
Lower and Middle Cambrian faunas, but erroneously assigned Glosso- 
pleura producta (Hall and Whitfield) of the Chisholm shale to the Pioche 
fauna. Mason (p. 1149) was the first to divide the Pioche into Middle and 
Lower Cambrian formations, and correctly placed the boundary at the 
base of the Kochaspis zone (Grabau, 1936, p. 276). In 1937, Olenellus 
gilberti (Meek) was found only in one zone of limestone (Combined 
Metals bed) 250 feet above the Prospect Mountain quartzite. Other 
Waucobian fossils occur in a limestone 155 feet above the Combined 
Metals bed, and in another limestone 185 feet higher, and 20 feet below 
the basal Middle Cambrian Kochaspis liliana zone (p. 1154-1156). On 
the other hand, Albertella, Kootenia, and other genera occur in the lime- 
stones 91 feet below the base of the Lyndon, and Kochaspis augusta (Wal- 
cott), K. liliana (Walcott), and other Albertan genera are present 370 
feet below the Lyndon on the west side of the Highland Range. In light 
of the evidence, the old Pioche shale appears to contain both Middle and 
Lower Cambrian rocks, and must be redefined and restricted to one epoch. 
The writer does not concur with Mason’s nomenclature (p. 1149) of the 
youngest Lower Cambrian shales in the Highland Range, as he neither 
defined nor indicated type localities for his Forlorn Hope and Pioche 
shales, and especially as his use of the term Pioche referred to only part 
of a natural lithic unit which contains solely Lower Cambrian fossils. 


Pioche shale: restricted—The Pioche shale is here defined as those 
Lower Cambrian rocks in the Highland Range of Nevada which lie upon 
the Prospect Mountain quartzite and beneath the Kochaspis liliana zone 
at the base of the Comet shale. The type locality of the emended Pioche 
formation is on the north side of Lyndon (Shodde) Gulch. The lower 
255 feet of the formation is largely unexposed, but the Olenellus beds crop 
out and consist of 7 feet of drab-gray, fine-grained, argillaceous, and blue- 
gray medium-grained fossiliferous limestone irregularly banded drab-tan. 
In the overlying 142 feet the rocks are drab-green, tan, and gray, mica- 
ceous, arenaceous, fissile and chunky shales, interbedded shaly sandstones, 
and fewer thick-bedded, arenaceous to pure limestones. The upper 6% 
feet of this interval consists of a medium crystalline, fossiliferous lime- 
stone. The upper 194 feet of the Pioche is composed of dull tan-brown 
micaceous and arenaceous, chunky shale, thin-bedded micaceous sand- 
stone, and two beds of fossiliferous limestone. 

The restricted Pioche shale will be less usable as a cartographic unit 
than were the combined shaly beds between the Lyndon and the Prospect 
Mountain formations, but has much more stratigraphic value for correla- 
tion with other areas and for studies on paleogeography and sedimentation. 
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The species which occur in the restricted Pioche shale are as follows 
(those preceded by an asterisk are known to be correct) : 


*Olenellus gilberti Walcott 
Onchocephalus parvus (Walcott) 
Stenotheca elongata? Walcott 
*Zacanthoides levis (Walcott) 


Mason (1936, p. 274-276) first used the name Comet shale, but neither 
defined the formation nor indicated a type locality, and erroneously as- 
signed Marjumia typa Walcott, Kootenia quadriceps (Hall and Whit- 
field), and Clavaspidella? maxima (Mason) to the formation. 


Comet shale: original definition—The formation takes its name from 
the Comet Mine on the west side of the Highland Range. The type local- 
ity is on the west face of the divide between Burrows Canyon and Lyndon 
Gulch where the rocks are well exposed and undisturbed by faults. The 
base of the Comet is a 4-foot zone of gray, oolitic limestone banded rusty 
brown, which contains Girvinella-like Algae, Kochaspis augusta (Walcott) , 
K. liliana (Walcott), and other Middle Cambrian species. The formation 
above the basal limestone consists of interbedded drab- and green-tan, 
micaceous, arenaceous, chunky and some fissile shale; and much impure 
arenaceous limestone, which is purer and increases in amount upward to 
the extent that the upper 65 feet consists largely of limestone. Much 
oolite is present in some, and individuals of Girvinella? are numerous in 
many, beds. The “Twenty-foot bed” of local mining terminology is 169 
feet above the base of the formation. 


Lyndon limestone——The limestone, which conformably overlies the 
Comet and underlies the Chisholm shales, has been satisfactorily de- 
scribed by Westgate (Westgate and Knopf, 1932, p. 10), who measured 
his type section of the formation “on the ridge south of Peasley Canyon,” 
114 miles north of Lyndon Gulch. Fossils have not been found in the 
Lyndon, but as it lies between the Middle Cambrian fossiliferous Comet 
and Chisholm shales, the Lyndon is retained in the Midde Cambrian. In 
local mining terminology the upper 34 feet of the Lyndon is called the 
“Big bed” (Westgate and Knopf, 1932, p. 63). 


Chisholm shale.—The Chisholm shale was originally defined by Walcott 
(1916b, p. 409) and was described in detail by Westgate in 1927 and 1932 
(Westgate and Knopf, 1927, p. 819-820; 1932, p. 10-11). Some of the 
trilobites from Chisholm have been restudied and the species assigned to 
other genera by Resser (1935, p. 20-33; 1937, p. 12). The revised faunal 
list of Chisholm species is as follows (those preceded by an asterisk have 
been recognized in the writer’s collections made in 1937, and are known 


to be correct): 
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Alokistocare packi Resser *Hyolithes billingsi Walcott 

*Amecephalus piochensis (Walcott) Lingulella dubia Walcott 

*Clavaspidella howelli (Walcott) Micromitra (Iphadella) pannula (White) 
*Kocystites? longidactylus Walcott | Obolus (Westonia) ella (Hall and Whitfield) 
*Glossopleura packi Resser *Zacanti:oides typicalis Walcott 

*Glyphaspis nevadensis Resser 


CORRELATION OF MIDDLE CAMBRIAN FORMATIONS 
GENERAL STATEMENT 


The correlations of the Middle Cambrian formations in the widely sepa- 
rated sections are doubtful, because (1) the character of sedimentation 
was not uniform in all parts of the Cordilleran trough; (2) the environ- 
ment varied in the different areas, and the faunas were not uniformly dis- 
tributed; (3) all the faunas probably have not been found in each section; 
and (4) the same faunas have not been discovered in all the sections. 

The Middle Cambrian sections, paleogeography, and faunas of north- 
western Montana are much better understood and have been studied more 
carefully and longer than those of any other part of the Cordilleran area. 
Consequently, the sections and formations in that part of Montana are 
used as a standard with which the formations in Nevada, Utah, and 
Wyoming are compared. 

The position of the formations in the sections on the correlation chart 
(Fig. 7) are relative to those in northwestern Montana and imply only 
temporal equivalence. The formations in the southern sections should 
neither be correlated with each other nor with those in Montana, unless 
so stated in the following discussion. 


DEPASS FORMATION 


The basal sandy member of the Depass formation in the Wind River 
Canyon appears to be the southern phase of the Flathead sandstone 
in Montana, and is correlated with that formation on the basis of 
similar lithology and stratigraphic position beneath the Gros Ventre 
shale member which contains trilobites similar to those in the Wolsey. 
The Gros Ventre member appears to be equivalent only to the Wolsey 
shale (Deiss, 1936, p. 1328-1330) of central Montana, as none of the 
genera or species of the Meagher limestone could be found in the Wind 
River Canyon. 


BRIGHAM QUARTZITE 


The Brigham quartzite in Blacksmith Fork is believed to be Middle 
Cambrian, but the basal part may be Lower Cambrian in age. As 
the formation is the base of the Middle Cambrian series and is coarsely 
clastic, it is tentatively correlated with the Flathead sandstone of 
Montana (Fig. 7). If the lower part of the Brigham is Waucobian 
in age, it probably is the temporal equivalent of the upper part of the 
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Pioche shale in the Highland Range and of the Tatow limestone in 
the House Range, but not of the Prospect Mountain quartzite. 
LANGSTON LIMESTONE 
The Langston limestone cannot be correlated upon evidence from 
fossils, as none were found in the formation except a poorly preserved 


CORRELATION CHART OF MIDDLE CAMBRIAN FORMATIONS 
Devonion imestone | Ordovician limestone 
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Penk shoe 290’ Marjum limestone 1530" 
[Wheeler she 350s] 
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Deorborn limestone 3000 
292 Biocksmith dolomite 450) 
Recurrent Dome imestone 310’ 
Damnation limestone = 
4 191 Ventre 
300° | Ute limestone 68s 
‘Anoria baton Clavaspidelices| os} Chisholm shale 137" 
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Upper Beltian sediments}  “Archeon" gronite Bose covered Lower Cambrian imestone | Lower Combrion shale 


Ficure 7—Tentative correlation of Middle Cambrian formations in Wyoming, Utah, 
and Nevada with those in northwestern Montana 


Glyphaspis? cranidium. The Langston may be equivalent to part of 
the Howell limestone in the House Range, to the Lyndon limestone 
in the Highland Range, and to the lower part of the Gordon shale in 
Montana. The most acceptable of these suggestions is the correlation 
of the Langston with the Lyndon, as the overlying shales of both con- 
tain similar faunas. 
UTE LIMESTONE 

The shale at the base of the Ute limestone in Blacksmith Fork con- 
tains species of Glossopleura and other genera which are strikingly 
similar to those in the upper part of the Gordon shale in northwestern 
Montana and in the Chisholm shale of the Highland Range in Nevada. 
These formations are correlated with considerable certainty, on the 
evidence of the trilobites. 
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The Ute limestone above the basal shale contains, according to 
Walcott (1908b, p. 196-197), a Kootenia fauna (“Dorypyge”) which 
may indicate its correlation with the upper part of the Howell in the 
House Range and the Damnation limestone in Montana (Fig. 7). 
As the Ute is younger than the Chisholm shale, it may be represented 
by the lower limestones of the Highland Peak limestone in Nevada. 


BLACKSMITH, BLOOMINGTON, AND NOUNAN FORMATIONS 


The Blacksmith, Bloomington, and Nounan formations cannot be 
correlated on evidence from fossils. The thick dolomites of the Nounan, 
suggesting those of the Devils Glen, form the top of the Middle Cam- 
brian section in Blacksmith Fork and Montana, and the two forma- 
tions are tentatively correlated. The Blacksmith and Bloomington 
formations (Fig. 7) may be equivalent to the Pagoda and Pentagon for- 
mations of Montana, and to the Swasey, Wheeler and Marjum of the 
House Range. These correlations are nearly unsupported by evidence 
from fossils and are purely arbitrary. 


HOWELL LIMESTONE 


The occurrence in the upper beds of the Howell limestone in the 
House Range of the same species of Glossopleura and Kootenia as in the 
lower part of the Damnation limestone of northwestern Montana is 
conclusive evidence for the correlation of these formations. 


SWASEY LIMESTONE 


Species of Ehmania are restricted to one sharply demarcated zone 
in the lower part of the Pagoda and Meagher limestones of Montana, 
except for the species in the overlying Pentagun fauna, which differ 
uniformly from the typical forms in possessing pygidia which are smaller 
and more transverse. As the lower beds of the Swasey contain an 
Ehmania fauna similar to that in the Pagoda, these two formations 


are tentatively correlated. 


WHEELER AND MARJUM FORMATIONS 


That “Agnostus” should first appear in the House Range in the basal 
beds of the Wheeler shale and in the Pentagon shale of Montana is 
significant, as in both areas this horizon is underlain by the Ehmania 
zone, and seems to indicate a correlation of the Pentagon and the 
Wheeler faunas. The new species of “Agnostus” in the Pentagon are 
closely similar to Agnostus bidens Meek in the Wheeler, and to the 
undescribed species in the overlying Marjum. Likewise, undescribed 
species of Elrathia in the Marjum are closely similar to those in the 
Wheeler, which seems to imply that the Wheeler and the Marjum are 
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equivalent in time to the Pentagon shale of northwestern, and to the 
Meagher limestone of central, Montana. 


STEAMBOAT, SWITCHBACK, AND DEVILS GLEN FORMATIONS 


The Kochaspis upis fauna is in the Steamboat limestone, 225 feet 
stratigraphically above the Pentagon shale in northwestern Montana, 
but has not been found in the House Range of Utah. Apparently, the 
Marjum limestone does not contain Middle Cambrian rocks as young 
as the Steamboat. The absence of the Kochaspis upis fauna from the 
House Range may be accounted for if the Steamboat, and overlying 
Switchback, and Devils Glen were deposited in a sea which extended 
from the north into Montana, and possibly as far south as Blacksmith 
Fork in northeastern Utah where the Nounan dolomite was deposited. 
The solution of the problem probably can be obtained from study of 
the faunal zones in the Middle Cambrian sections in British Columbia 
and Alberta. 

COMET SHALE 

The Comet shale of the Highland Range, Nevada, appears to be 
equivalent to the lower part of the Howell limestone in the House 
Range, to the Brigham formation in Utah, and to the Flathead and 
lower part of the Gordon shale in northwestern Montana. The asso- 
ciation, in the Comet shale, of Albertella with species of Kootenia simi- 
lar to those in the Damnation limestone causes uncertainty in the 
correlation of the Comet. 


SUMMARY OF CONCLUSIONS 


The more important conclusions which result from the present study 
are summarized in the following sixteen points. 

1) All the Cambrian rocks in northwestern Montana are of Albertan 
age, and are divided into nine emended formations, six of which con- 
tain clearly demarcated and readily recognizable faunas. The average 
total thickness of these formations in the sections given in this paper 
(p. 1083, 1089) is 1,738 feet. From the base upward the formations 
are: Flathead sandstone, Gordon shale, Damnation limestone, Dear- 
born limestone, Pagoda limestone, Pentagon shale, Steamboat limestone, 
Switchback shale, and Devils Glen dolomite. 

2) The failure to discover the Kochaspis upis fauna of the Steam- 
boat limestone in the House and Highland ranges of Utah and Nevada 
may indicate that the Steamboat, Switchback, and Devils Glen were 
deposited in a northern sea after the water had withdrawn from the 
southern part of Cordilleran trough in Nevada and western Utah. If 
this is correct the youngest Middle Cambrian beds in the Cordilleran 
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area should be found north of Montana, in British Columbia and 
Alberta. 

3) The Wind River Canyon section of Miller (1936, p. 136-137) 
is 218 feet thicker than originally stated. Most of the error in the 
original section was in the Upper Cambrian beds, which are 530 in- 
stead of 265 feet in thickness. 

4) The Upper-Middle Cambrian boundary in the Wind River Can- 
yon, Wyoming, is not marked by a change in lithology, and is arbi- 
trarily drawn at the top of several thick beds of intraformational 
conglomerate which rest upon shales containing new genera of Al- 
bertan trilobites, and 12 feet below the lowest beds which contain 
Dicellomus? and Arapahoia? (p. 1096). 

5) The Depass formation (Miller, 1936, p. 186) in the Wind River 
Canyon type locality contained Upper and Middle Cambrian rocks. 
The formation is emended to include only sediments of Albertan age, 
and is divided into a lower arenaceous member (Flathead), correlated 
with the Flathead sandstone of Montana (Deiss, 1936, p. 1326-1328), 
and an upper calcareous shaly member (Gros Ventre) which seems 
to be equivalent to the Wolsey shale of southern Montana (Deiss, 
1936, p. 1328-1330) and to the lower part of the Gros Ventre in the 
Teton and Gros Ventre Mountains of western Wyoming (Miller, 1936, 
p. 119). 

6) The use of the term Gallatin limestone to designate the Upper 
Cambrian rocks in Wyoming is untenable, and the term DuNoir mem- 
ber is not applicable to the early Croixan strata in the Wind River 
Canyon (p. 1104). The name Gallatin formation and DuNoir member 
are replaced by Boysen formation and Maurice member. 

7) As the Upper Cambrian rocks in the Wind River Canyon form 
a readily mappable lithologic unit, they are assigned to one formation, 
named the Boysen, which is divided into three members upon litho- 
logic characteristics and faunal assemblages. In ascending order these 
members are: Maurice, of Dresbach age; Snowy Range, of Franconia 
age; and Grove Creek, of early Trempealeau age. 

8) Chancia ebdome Walcott, Pagetia clytia Walcott, Zacanthoides 
idahoensis Walcott, and other species characteristic of the Spence shale 
in Idaho are not present in the basal Ute shale in Blacksmith Fork, 
whose fauna consists largely of species of Glossopleura and Kochina. 
The agnostids in the Spence fauna indicate that it is much younger 
than the fauna at the base of the Ute which correlates with the Gordon 
and Chisholm faunas of Montana and Nevada. Consequently, the 
shale at the base of the Ute cannot be correlated with the Spence shale 
of Idaho. If the Spence fauna is present in Blacksmith Fork it should 
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be above the Ute limestone, and may be in one of the shale zones in 
the Bloomington formation. 

9) The Upper Cambrian strata in Blacksmith Fork are approxi- 
mately 400 instead of 1,227 feet in thickness, as the upper 827 feet of 
beds included by Walcott in the St. Charles formation (1908b, p. 191- 
193) contain fenestellids, orthocerids, and other Ordovician fossils (p. 
1107-1108). 

10) Three important changes must be made in the House Range 
section of Utah (Walcott, 1908b, p. 173-185). (a) The Spence shale 
and its fauna could not be found in the House Range, even though the 
contract of the Tatow (“Langston?”) and the Howell limestones is 
perfectly exposed. (b) The Langston? limestone of Walcott (1908b, 
p. 183) contains Poulsenia and other Lower Cambrian genera and, 
therefore, cannot be equivalent to the Langston (Middle Cambrian) 
limestone of Blacksmith Fork. (c) The Weeks formation, originally 
assigned to the Middle Cambrian (Walcott, 1908b, p. 177) contains 
Cedaria? and numerous individuals of Tricrepicephalus throughout a 
thickness of more than 1,000 feet of strata and is clearly Upper Cam- 
brian (Dresbach) in age. 

11) The name Tatow limestone is given to the strata formerly cor- 
related with the Langston in the House Range. The Tatow is assigned 
to the Lower Cambrian and may be the equivalent of the upper part 
of the restricted Pioche shale in the Highland Range of Nevada. 

12) Upon evidence from fossils the Middle-Lower Cambrian bound- 
ary is moved up, and the Upper Middle Cambrian boundary is moved 
down from the horizons given by Walcott (Fig. 5). Consequently, the 
Albertan sediments in the House Range are 3,420 feet instead of 4,417 
feet in thickness. 

13) The Pioche shale of Walcott (1908a, p. 11) and of Westgate 
and Knopf (1932, p. 8-10) contains an early Middle Cambrian fauna 
(Albertella, Kochaspis augusta, K. liliana, Kootenia) in the upper 370 
feet of the formation, and Olenellus gilberti, Zacanthoides levis, and 
other Lower Cambrian genera in the lower 600 feet. As these shales 
and interbedded limestones contain organisms of two epochs, they can- 
not be included in one stratigraphic formation. 

14) The beds in the upper 370 feet of the original Pioche shale which 
contain an Albertan assemblage of trilobites are named the Comet 
shale, and are tentatively correlated with the Gordon shale of Mon- 
tana (Walcott, 1917a, p. 16-18) upon the basis of the presence in both 
areas of the trilobite Albertella, even though the species in the two 
sections are not the same. 
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15) The Pioche shale is restricted in the type locality in the Highland 
Range (p. 1154) to the Lower Cambrian beds between the top of the 
Prospect Mountain quartzite and the bottom of the Kochaspis liliana 
zone at the base of the Comet formation. 

16) Many of the Middle Cambrian formations in the sections in 
Utah and Nevada cannot yet be correlated upon fossils. The most 
dependable faunal correlation is that of the Glossopleura-Kootenia 
zone in the upper part of the Howell limestone in the House Range 
with the lower part of the Damnation limestone in Montana (Fig. 7). 
The correlation of the basal Ute, Chisholm, and upper part of the 


Gordon shale is also based upon evidence from fossils. The correlations 


of the other formations are inferential, and must be considered merely 
as working hypotheses until additional fossils. are discovered and 


understood. 
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ABSTRACT 


The calcium-carbonate content of approximately 8500 outcrop and well samples 
of Mesozoic and Tertiary sediments in California was determined in order to ascertain 
the extent to which the quantity of calcium carbonate in the sediments might be 
related to the conditions under which the sediments were deposited. In general, the 
different formations have an average carbonate content of approximately 5 per cent. 
The Miocene sediments, with an average of about 6 per cent, are the richest; the 
Eocene sediments, with an average of about 2 per cent, are the poorest. At least 25 
per cent of the samples analyzed contain less than 1 per cent calcium carbonate, and 
nearly 50 per cent contain 3 per cent or less. Only 10 per cent of the sequences of 
sediments that were examined have an average carbonate content of more than 10 
per cent, and very few have more than 20 per cent. The quantity of calcium carbonate 
in outcrop samples commonly is less than in well samples of corresponding age, owing 
to the effect of leaching. Much of the carbonate content of some of the Tertiary 
sediments apparently is due to the presence of Foraminifera. The areal distribution 
of calcium carbonate among sediments of similar stratigraphic age seems to show 
little relationship to the environmental conditions of deposition. The carbonate 
content of the Pliocene sediments in the Los Angeles basin, however, in general tends 
to increase away from probable position of the shore line at the time the sediments 
were deposited. Dolomite apparently is fairly common in the Jurassic and the Creta- 
ceous sediments, not so common in the Eocene, Oligocene, and Miocene sediments, 
and rare in the Pliocene sediments. 
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INTRODUCTION 


Several years ago, during the course of an investigation of modern 
marine sediments, a rapid test for measuring the calcium-carbonate con- 
tent of the sediments was developed (Trask, 1932a, p. 96). This test is 
based on the rate of effervescence produced by the addition of dilute acid 
to the sediment, and was applied to each of the 1580 sediments collected 
from many parts of the ocean at that time. The results of this study in- 
dicated a definite relationship between the calcium-carbonate content of 
the sediments and the salinity of the surface water above (Trask, 1932a, 
p. 101-107; 1932b; 1937). 

The relationship developed as a result of this study suggested the idea 
that if this test were applied to a large number of samples of ancient (or 
lithified) sediments from selected areas, similar geologic relationships 
might be found. A large number of samples of Mesozoic and Tertiary 
rocks had been collected from different parts of California in the course 
of an investigation of source beds of petroleum, sponsored jointly by the 
Geological Survey and the American Petroleum Institute. It seemed 
worthwhile to collect samples from a few additional places in that region 
and to determine by this rapid test the calcium-carbonate content of all 
these samples, with the hope that some geological relationship of the car- 
bonate content of the sediments might be found. A grant providing funds 
for collecting these additional samples and making the requisite analyses 
was obtained from the Geological Society of America. 

More than 2000 samples were collected with the aid of this grant, and 
nearly 8500 samples were analyzed for calcium carbonate. The results 
on the whole indicate little relationship of calcium-carbonate content of 
the sediments to the environmental conditions of deposition. The main 
contribution to knowledge arising from the work is the stratigraphic varia- 
tion of calcium carbonate among the sediments in the individual wells and 
outcrops sections that were sampled. The data on the individual anal- 
yses, however, are so voluminous that it seems impracticable to report 
them in an article intended for journal publication, especially as they are 
planned for inclusion in a forthcoming comprehensive report on source 
beds that is now in preparation. 


ACKNOWLEDGMENTS 


Harald E. Hammar made the determinations of calcium carbonate by 
the gravimetric and titration methods. H.W. Patnode drafted the figures 
for the report and aided in the compilation of the results. In a short 
report such as this, it is impracticable to attempt to list the many geolo- 
gists and oil companies who assisted the writer in procuring and cor- 
relating the samples, but their help is greatly appreciated. Special men- 


ACKNOWLEDGMENTS 1171 


tion, however, should be made of the Union Oil Company and S§. G. 
Wissler, for their special courtesies. 


METHODS OF ANALYSIS 


Three methods of determining the calcium-carbonate content of the sedi- 
ments were used: (1) gravimetric; (2) titration; and (3) effervescence. 
The gravimetric method is the one commonly used for determining cal- 
cium carbonate in rock analysis (Hildebrand and Lundell, 1929, p. 623- 
624). The sample is ground; the carbonates are decomposed by boiling 
dilute hydrochloric acid; the gases that are evolved are passed succes- 
sively through sulphuric acid, silver sulphate, and calcium chloride; and 
the carbon dioxide is trapped in askarite and weighed. This is the most 
accurate of the three methods, but it is so time-consuming that it was 
used for only one per cent of the samples. Its main purpose was to check 
the results of the other methods, which are more rapid but less accurate. 

The titration method is the procedure commonly used by the cement 
industry, and consists of boiling the sample with a standard quantity of 
0.4 normal hydrochloric acid and titrating with 0.2 normal sodium 
hydroxide to ascertain the amount of hydrochloric acid that has been 
neutralized by the carbonates (Meade, 1922, p. 1212). This method is 
not so reliable as the gravimetric method, but ordinarily it is accurate to 
within 1 or 2 per cent, particularly if representative samples of the dif- 
ferent types of sediment that are being analyzed are checked by the 
gravimetric method, so that proper allowance can be made for the acid 
that is neutralized by non-carbonate constituents of the sediments. This 
titration method was used on about 10 per cent of the samples. 

The main method of analysis was by means of the amount of efferves- 
cence produced by the addition of dilute acid to the samples (Trask, 
1932a, p. 96; Trask and Hammar, 1934, p. 1358). A definite quantity 
of the ground sample is placed in one of the depressions of a porcelain 
spot plate. A few drops of dilute (1-5) hydrochloric acid are added, 
and the calcium-carbonate content of the sediment is estimated from the 
rate of effervescence. The essential features are to have the samples well 
ground, to take the same quantity of sediment for each sample, and to 
use acid of constant strength. The rate of effervescence of the unknown 
sample is compared with that of known standards. The method at best 
is semi-quantitative and is not particularly reliable for samples that 
contain more than 20 per cent calcium carbonate, but for samples that 
are poor in carbonate it ordinarily gives reasonably satisfactory results. 
The error usually is less than 2 per cent of the total weight of the sedi- 
ment for samples that contain up to 10 per cent calcium carbonate and 
less than 4 per cent for samples that contain between 10 and 20 per cent. 
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As some samples of similar lime content may differ in their rate of effer- 
vescence, it is desirable to check the determinations by means of analyses 
made by the titration and the gravimetric methods. About one sample 
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Ficure 1—IJndex map of California 


Showing location of sections. Letters represent general position of outcrop sections. Numbers refer 
to location of well samples. 


in six that contained more than 5 per cent calcium carbonate was checked 
by the titration method. The error in samples that contained less than 
5 per cent ordinarily is so slight that it was not thought necessary to 
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check a large number of such samples by the titration method. The 
chance for error in the results was further minimized by treating the 
data in terms of averages of several samples, as an average of several 
samples ordinarily is less likely to be unreliable than a single deter- 
mination. 

Some of the samples apparently contained dolomite, as was suggested 
by the slowness of their rate of effervescence. Such samples were more 
commonly found in Jurassic and Cretaceous rocks than in younger rocks. 
In fact, the content of material regarded as dolomite seems to increase 
more or less progressively as the geologic age of the sediments becomes 
greater. Very few of the Pliocene sediments indicated by their rate of 
bubbling that they contain dolomite. The Miocene sediments, likewise, 
apparently contain little dolomite, except for some thin limestone layers 
which seem to be dolomitic. 


SAMPLES COLLECTED 


The samples from wells are all core samples and have been taken 
mainly from intervals of 3 to 50 feet. The average interval is about 20 
feet. The outcrop samples were collected principally at stratigraphic 
intervals of 10 to 200 feet. The average was about 100 feet. An attempt 
was made to procure samples as fresh as practicable, but in some areas 
the rocks were altered to such an extent that probably a considerable 
part of their lime content had been leached away. The determinations 
of the calcium carbonate of the outcrop samples, therefore, should be re- 
garded as minimum values. 

Sandstone presumably is more likely to contain calcite that has been 
precipitated around the mineral constituents after the beds have been 
deposited than is shale. Calcium carbonate of this type should not be 
classified with the carbonate formed in the sediments at time of deposition, 
and hence has little bearing on the interpretation of the conditions of de- 
position of the strata. Accordingly, most of the samples that were studied 
were fine-grained sediments, such as shale or siltstone, and only a small 
proportion was sandstone. 

Nearly 8,500 samples were tested for calcium carbonate, 6,600 of which 
were well samples and 1,900 were outcrop samples. The general location 
of these samples is shown in Figure 1. 


RESULTS 
MEANS OF PRESENTATION 


The main features of the results are presented in Table 1, which gives 
the general location and number of samples, and the average calcium- 
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carbonate content of the samples analyzed from each of the seven main 
stratigraphic units into which the sediments have been classified. In 
addition, the areal distribution of the calcium-carbonate content of the 
sediments correlated with the lower and upper parts of the Miocene and 
the lower part of the Pliocene is shown in Figures 2, 3, and 4. General 
discussions of the stratigraphy of Mesozoic and Tertiary sediments con- 
sidered in this report are given in publications of Reed (1933; Reed and 
Hollister, 1936), Clark (1930), and various members of the Geological 
Survey (Anderson and Pack, 1915; Arnold and Anderson, 1907; English, 
1926; Hoots, 1931; Kew, 1924; Pack, 1920; Pack and English, 1915). 

The seven main stratigraphic divisions into which the sediments are 
grouped are (1) Jurassic and Lower Cretaceous, (2) Upper Cretaceous, 
(3) Eocene and Oligocene, (4) lower part of Miocene, (5) upper part of 
Miocene, (6) lower part of the Pliocene, and (7) upper part of Pliocene. 
The Jurassic and Lower Cretaceous refer to the Shasta series and the 
Upper Cretaceous to the Chico group. Eocene and Oligocene have been 
classed together, owing to the uncertainty as to the position of the contact 
between them in several of the areas studied. The sections for the Eocene 
and Oligocene in general are incomplete. The samples come mainly from 
the upper part of the Eocene, though in section H in the Vallecitos and 
section J on Domengine Creek they are mostly from the Kreyenhagen 
shale of Anderson and Pack (1915, p. 74-78), and in the Ventura basin 
they represent the entire Eocene and Oligocene section, except for about 
2,000 feet in the central part of the Sespe formation. 

The Miocene samples are difficult to correlate. They have arbitrarily 
been separated into an upper and a lower part, according to the classifica- 
tion the writers (Trask and Hammar, 1935, p. 123) used in a previous 
paper on the same sediments. The base of a zone characterized by 
abundant Valvulineria was taken as a horizon for separating the Miocene 
into two parts. With the increase in knowledge of the distribution of 
foraminifera in the past few years, it is now possible to correlate the 
Miocene more definitely. Reed and Hollister (1936, p. 34) advocate a 
three-fold division of the Miocene, but as the writer has insufficient data 
to correlate the samples on that basis, he has used the two-fold classifica- 
tion he previously adopted for the same sediments. 

The lower part of the Pliocene refers to the Repetto formation in the 
Los Angeles basin, to Pliocene sediments underlying the oldest beds ex- 
posed on the crest of the Ventura anticline, and elsewhere to the Pliocene 
beds sampled. The upper part of the Pliocene in the Los Angeles basin 
represents the Pico formation, and in the Ventura basin, all Pliocene beds 
overlying those classified with the lower part of the Pliocene. 
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AREAL DISTRIBUTION OF CALCIUM CARBONATE 


The average content of calcium carbonate of all the sediments studied 
is about 5 per cent. The Eocene samples, which contain about 2 per cent, 
have the smallest amount, and the Miocene sediments, which possess 
about 6 per cent, contain the most. At least one-fourth the samples 
studied have less than 1 per cent calcium carbonate and nearly one-half 
of them contain 3 per cent or less. Only 10 per cent of the lithologic units 
examined have more than 10 per cent, and very few possess more than 
20 per cent. 

The sediments of the Shasta series (Jurassic and Lower Cretaceous) 
have an average carbonate content of about 3 per cent. The beds on 
McCarthy Creek (sec. B) near Red Bluff contain about 4 per cent, and 
those on Putah Creek (sec. D), 100 miles south, have about 1 per cent. 
As the sediments on Putah Creek are more weathered than those on Mc- 
Carthy Creek, the lower carbonate content there may in part be due to 
leaching. 

The Upper Cretaceous sediments in general contain about 5 per cent 
calcium carbonate, except the Moreno shale near Coalinga (secs. H and J), 
which contains less than 1 per cent, and the beds referred questionably to 
the Cretaceous on the headwaters of Chico Martinez Creek, which have 
about 18 per cent. 

Eocene and Oligocene beds that were studied are nearly everywhere 
poor in carbonate. They are richest on Chico Martinez Creek, where 
1,000 feet in the lower part of the beds assigned to the Eocene average 
about 8 per cent. The Kreyenhagen shale of Anderson and Pack (1915, 
p. 74-78) north of Coalinga (secs. H and J) contains less than 1 per cent 
calcium carbonate. The Sierra Blanca limestone of Nelson (1925) in the 
Santa Inez Mountains northwest of Ventura was not sampled. 

The areal distribution of carbonate in beds referred to the lower part 
of the Miocene is shown in Figure 2. The average quantity is about 
7 per cent. The beds are poorest in the San Francisco Bay region and 
in the Santa Monica Mountains, where they contain about 1 per cent. 
They are the richest in the Ventura basin, where they average 7 per cent, 
and in an area in central California west of the San Joaquin Valley— 
Chico Martinez Creek (sec. K), 9 per cent; Lost Hills (sec. 1), 14 per 
cent; and Reliz Canyon (sec. G), 20 per cent. 

The upper part of the Miocene has an average carbonate content of 
about 5 per cent. The distribution among the sediments in the individual 
sections is variable, and the average quantity differs in the different sec- 
tions (Fig. 3). It is less in the vicinity of San Francisco Bay (secs. E 
and F), at Bakersfield (sec. 4), and on the east side of the Los Angeles 
basin (secs. 18, 20, and 21). It is relatively high in the Salinas Valley 
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Ficure 2.—Areal distribution of calcium carbonate in sediments of lower part of 


Miocene in central and southern California 


Numbers represent average percentage of calcium carbonate in sediments sampled. Circles refer 
to outcrop sections; dots to well samples. Carbonate content of section E in Berkeley Hills, 100 miles 
north of north boundary of map, is 1 per cent. (See Table 1 and Figure 1.) 
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Ficure 3.—Areal distribution of calcium carbonate in sediments of the upper part 
of the Miocene in central and southern California 


Percentage of calcium carbonate represented by large numbers. Location of samples indicated by 
two conventions: (1) In Los Angeles basin, by circles which refer to outcrop sections and by dots which 
represent well sections; (2) north of Los Angeles basin, by circles that contain letters for outcrop sections 
and small numbers for well sections. (See Table 1 for key to these letters and numbers, and Figure 4 
for identification of samples in Los Angeles basin.) Location of all ee from which samples were 
procured, regardless of whether or not they faces Miocene sediments, is shown. Carbonate content 
of section E in aed Hills and section F on Mt. Diablo, 100 miles ae of north boundary of the 
map, is 1 per cent. 5 
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(sec. L), at Ventura (sec. N), and on the west side of the Los Angeles 
basin (secs. 10, 11, and R). 

The average calcium-carbonate content of the lower part of the Pliocene 
is 4 per cent. The Pliocene samples from the Eel River basin (sec. A) in 
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Ficure 4.—Areal distribution of calcium carbonate in lower Pliocene sediments in the 
Los Angeles basin 


Percentage of carbonate is represented by large numbers. Small numbers placed within the circles 
indicate the location of well samples. Letters inside circles refer to the location of outcrop sections, 
regardless of whether or not they contain any Pliocene sediments. The location of all sections that 
were sampled is indicated in order to facilitate the location of sections shown on Figure 3. 


northern California contain 2 per cent carbonate, and those from Lost 
Hills (sec. 1, Fig. 1) and Santa Maria (sec. 5) contain less than 1 per cent 
carbonate, but some of the Pliocene sediments from the Belridge field 
(sec. 2), 15 miles southwest of the Lost Hills field, have 12 per cent. The 
average quantity in the Los Angeles basin is about 5 per cent (Fig. 4). 
The lower Pliocene sediments in the Repetto Hills on the east side of the 
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basin have about 2 per cent; those along the Coyote Hills uplift, about 
4 per cent; the ones on the Newport-Inglewood uplift, from 3 to 9 per 
cent; and those at Playa del Rey about 9 per cent. 

The upper part of the Pliocene in the Los Angeles basin has an average 
carbonate content of about 6 per cent, and in the Ventura basin, 5 per 
cent. In the Los Angeles basin the sediments along the Coyote Hills 
uplift (sees. 18, 19) contain about 5 per cent; those along the Inglewood- 
Newport uplift to the west have 2 per cent at Dominguez (sec. 13) and 
Seal Beach (sec. 15), and 6 per cent in the Potrero area (sec. 12). The 
upper Pliocene beds farther west, in the vicinity of Playa del Rey and 
Lawndale (secs. 9 and 10), contain about 10 per cent carbonate. 


GEOLOGIC RELATIONSHIPS 


The only geologic relationship that seems to be indicated by the data 
is the general increase in calcium-carbonate content of the Miocene and 
Pliocene sediments in the Los Angeles basin away from the shore line at 
the time the sediments were deposited (Figs 3 and 4 and Table 1). This 
increase is not consistent, but the sediments along the Coyote Hills uplift 
in general contain considerably less carbonate than those in the vicinity 
of Playa del Rey, which lies 20 miles to the west, and presumably was 
farther out to sea at the time the sediments were deposited. The shore 
line for the Pliocene sediments seems to have been not far northeast of 
the Coyote Hills uplift, and the shore line for the Miocene sediments 
encountered in wells along this uplift, in turn, probably was not many 
miles northeast of the Pliocene shore line. 

The greater increase in calcium carbonate westward in the Los Angeles 
basin is associated with an increase in the organic content of the sedi- 
ments (Trask and Hammar, 1935, p. 122), and in part may be due to 
the greater proportion of foraminiferal shells in the sediments. 
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ABSTRACT 


Tens of thousands of rock exposures in New Hampshire show only slight superficial 
alteration of glacier-worn surfaces. Long search has yielded only 46 examples of 
rotted rock, and these are believed to record more prolonged weathering during 
preglacial or interglacial time. 

At three localities, in particular, deeply rotted rock, of types usually fresh and 
sound, is covered by fresh till, and injected by long narrow dikes of the till matrix, 
as if already weak when the till was emplaced. Petrographic study of materials 
supports this view. 

Among other relics of weathering before the last glaciation are boulders of oddly 
= shape in the till, which are neither “meteors” nor products of postglacial 

ecay. 
acun facts and considerations indicate that there is much old residual material in 

e ti 

INTRODUCTION 


This paper reviews the known occurrences of “rottenstone” in and 
under the drift in New Hampshire, and attempts to date its origin. 
Although it has long been the practice to attribute all deeply rotted rock 
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to rapid degeneration of vulnerable types during postglacial time, evi- 
dence is offered for the view that some, at least, indicate much more pro- 
longed exposure during preglacial (or interglacial) time. 

Two extraordinary examples turned up in New Hampshire several years 
ago, in Keene and in Sandwich,’ where rock rotted to a depth of 5 or 10 
feet was sharply overlain by fresh till. They looked so much like vestiges 
of deep preglacial subsoil overridden by ice that it was decided to check 
field evidence by heavy-mineral analysis. Accordingly, the two localities 
were revisited in 1936 and a suite of samples was taken from each, rep- 
resenting vertical sections and contrasted types. At Keene a thin seam 
of what appeared to be soft till matrix was found penetrating far into the 
rock mass. This clastic dike was made the subject of a short paper by 
the junior author (Kruger 1938). 

A little later, Richard Goldthwait discovered a third occurrence of 
deeply rotted rock under till in Gorham, and recognized a network of 
clastic dikes cutting the rock mass, much like those in Keene. The sec- 
tion was visited by one or both of the authors three times, once in com- 
pany with Richard Goldthwait and Marland Billings, in an effort to 
decide whether the weathering was earlier or later than the glaciation. 
Finally, both authors re-visited the Sandwich locality and found a dis- 
play of clastic dikes as good as those in Keene and in Gorham. 

These three examples, and perhaps a score of others, seem to represent 
prolonged exposure of rock to weathering before the last glaciation, partly 
because of the freshness of the overlying till, the structural details along 
its basal contact, and the clastic dikes, and also because of the scarcity 
of similar outcrops found during thirty years of experience in the study 
of hard rock and of drift in New Hampshire. When only one rock ex- 
posure in a thousand—by actual count—shows advanced decay, it appears 
almost certain to be a chance survivor of preglacial (or interglacial) 
subsoil. If postglacial weathering had penetrated so deep at one point 
there should be thousands of rather badly crumbled and softened outcrops 
in intermediate stages of degeneration. 


ABUNDANCE OF FRESH ROCK EXPOSURES 


Natural rock exposures are numerous and rather evenly distributed 
over New Hampshire. Hillsides have a thin mantle of till between many 
outcrops; summits are almost invariably rocky, though worn rather flat 
by glaciation. Along back roads, one sees ledges and shallow roadside 
cuts which suggest an average thickness of till nearer 10 than 15 feet. 
Along the main highways deeper cuts through the undulating surface 
disclose a somewhat greater average depth of drift; for these routes gen- 


1 Place names refer to townships. 
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erally follow valleys where till seems to have been massed more thickly 
behind sheltering ridges and where meltwater in late glacial time spread 
outwash and lake sediments. 

A geologist intent upon tracing the details of metamorphic and igneous 
rock structures through this region finds the outcrops hardly numerous 
enough to serve his needs. Measured by actual areas, rock exposures 
surely occupy less than five per cent of the surface, and perhaps as little 
as one or two. The ice sheet seems to have stripped off the residual mantle 
from strong and weak rocks alike, abrading the surface so generally as to 
leave fairly firm exposures everywhere. 

Outcrops that have lain uncovered throughout postglacial time do, 
indeed, show superficial crumbling or discoloration; but this can usually 
be recognized as only a fraction of an inch in depth. Downward seepage 
of water along foliation planes and joints has usually not been accom- 
panied by visible softening, although pyrite may have been dissolved and 
iron rust carried several feet along the schistosity. 

A more definite quantitative appraisal of the evidence is in order. A 
reconnaissance of the district within 5 miles of Dartmouth College, about 
25 years ago, by the senior author and assistants, in which trimmed 
specimens were collected from several hundred separate and distinct out- 
crops, revealed sound rock everywhere except at one spot (Loc. 24, Fig. 1), 
where a small patch of biotite gneiss, disintegrated to a depth of a foot 
or more, appeared to be in place. Last summer a detailed pace-and- 
compuss survey of bedrock geology of adjoining portions of two repre- 
sentative quadrangles (Claremont and Bellows Falls) by the junior author 
afforded notations of approximately 1000 rock outcrops. All rock ex- 
posures of interest to areal geology were noted and described, but, where 
outcrops were close together and similar, not every one was counted. A 
conservative estimate of the total number would be 1500. In the same 
area, only one occurrence of rotted rock was found (Loc. 37, Fig. 1). 

The average topographic quadrangle in New Hampshire probably con- 
tains between 10,000 and 20,000 individual rock exposures, and the total 
number over the State is probably at least half a million. In the course 
of thirty years, twenty of which have included summer field work for the 
New Hampshire Highway Department, the senior author and assistants 
have visited many thousands of rock exposures. The most impressive 
characteristic of these is the scarcity of advanced weathering. George 
W. White, of the University of New Hampshire, who has shared in high- 
way work for several summers and has carried on his own geological field 
work for more than fifteen years, estimates that he has seen between 
18,000 and 20,000 outcrops in New Hampshire, of which 18 are weathered 
to rottenstone. The senior author with a longer record of field work in 
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the State would claim a larger number of outcrops seen, but only 27 oc- 
currences of rotted rock. The list of 46 outcrops compiled for this paper 
includes all rotted rock known to the engineers of the Highway Depart- 
ment and others particularly interested in local road materials. Thus, 
for the State as a whole, the ratio of fresh outcrops to rotted ones seems 
to be about a thousand to one. 

Some may insist that all exposed New Hampshire rocks show weather- 
ing. It is true that bright fresh hand specimens are not always to be 
secured by trimming down the first corner piece broken from a ledge. The 
amount of alteration illustrated in this familiar experience, however, is 
small. Although weathered in the strict sense of the word, the rock retains 
its solidity: its strength has not been seriously impaired by long exposure. 
Glacial striae are found on many polished veins of quartz or pegmatite 
in granite, indicating that the surface of the enclosing rock has been 
lowered less than an inch by postglacial weathering. Rarely has enough 
crumbled material formed or been washed to the edges of the ledge for a 
handful to be collected and examined. It is usually hopeless to look for 
a supply of laboratory material to illustrate the breaking down of rock 
into soil. The most friable phyllites and slaty schists, too, although 
roughened and pitted at the surface by frost and rain, rarely show as 
much as an inch reduction of the rock surface below the level of ice- 
scoured stringers of quartz. Only one rock type seems to have suffered 
considerable alteration by chemical solution since the last glaciation— 
that is the “calciferous mica schist” which Edward and Charles Hitchcock 
described with appreciative emphasis in early reports on the geology of 
Vermont and New Hampshire (E. Hitchcock, 1861; C. H. Hitchcock, 
1874-78). That rock, widespread in eastern Vermont, extends into New 
Hampshire at only two places, where it occupies small areas; but it 
deserves mention here because of contrast. 


SCARCITY OF DEEPLY ROTTED ROCK 


Because of a desire to use native materials to illustrate rock weathering, 
at Dartmouth College, the senior author has, since 1908, visited each 
occurrence of residual soil reported in New Hampshire as soon as prac- 
ticable, and has gathered samples. At first, only a very few examples 
were found. Then, about 1917, when geological work for the Highway 
Department began, attention was drawn to several occurrences of rotten- 
stone which had been used for road construction, and particularly to the 
disintegrated granite of the Conway-Bartlett district. There the thor- 
oughly crumbled Conway granite, long used for surfacing driveways and 
town roads, had proven unfit for the heavily traveled motor route between 
Portland and the White Mountains. Dry for weeks in midsummer, the 
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loose arkosic sand formed a “washboard” surface. The deepest section 
of rotted granite ledge, then well exposed at Goodrich Falls, is now hidden 
by grading,” but a few old pits are still being worked. Usually the mate- 
rial is loose ground-moraine, full of crumbling boulders; but Loud’s pit 
near Kearsarge village shows a mingling of washed drift with till and 
rottenstone. 

Patches of the disintegrated granite were found as far south as Eaton 
Center and Albany and eastward over Hurricane Mountain on the road 
to North Chatham. Except that the whole area lies southeast of the 
highest mountains, where flow of glacial ice may have been less active, 
no good reason was apparent for this preservation of preglacial subsoil. 
The exposures were at high or low elevations, on slopes of all directions 
and declivities. Moreover, the sections either showed rotted rock alone 
or rotted rock blending upward into loose drift composed largely of the 
same material in various stages of degeneration, and so could be regarded 
as probably the product of weathering in postglacial time (Goldthwait, 
1925, p. 60-61). Billings later came more definitely to that opinion, 
arguing that the Conway rock had wasted away rapidly under attack by 
weathering processes after the last glaciation (Billings, 1928, p. 119-120). 

As other occurrences of deeply rotted rock in New Hampshire were 
found or reported to the senior author by town road agents or State High- 
way engineers, it became clear that (a) such materials occurred in vari- © 
ous parts of the State and in all sorts of topographic situations, (b) they 
represented a wide range of rock types, and (c) many of them were types 
that also are abundant in sound, unaltered exposures both near and far 
away, as if not specially susceptible. 

To bring the information on rotted rock in New Hampshire as fully 
up to date as practicable, the list in Table 1 and the accompanying map 
(Fig. 1) have been prepared. Reports have been gathered from eight 
division engineers of the State Highway Department and others familiar 
with sources of road material, from foresters acquainted with more remote 
trails and ledges, and from others, both professional and amateur, likely 
to have information. 


Taste 1—Occurrences of rotted rock in New Hampshire 


Loc. Town Rock DESCRIPTION 
1 Colebrook Calciferous Ledge along west side of Great Hollow road 
mica schist near Stewartstown line. Face weathered 
1 foot deep for distance of 1000 feet. 
2 Gorham Concord Two cuts on B. & M. R. R. near Moose River 


granite, peg- bridge. Rock completely rotted to depth 
matite, trap of 15-20 feet, under 15 feet of fresh till. 

3 Carroll Bethlehem Disused “Baldic” pit. Till full of rotted 
granite gneiss _ blocks, and perhaps rotted ledge. 


2 Mentioned by Marland Billings (1928) and pictured in plate 2b of that paper. 
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TaBLe 1—Occurrences of rotted rock in New Hampshire—continued 


Town 
Franconia 
Lincoln 


Lincoln 


Crawford Notch 
Crawford Notch 


Bartlett 
Bartlett 
Bartlett 
Bartlett 
Conway 


Conway 


Conway 
Conway 
Waterville 
Albany 
Albany 
Eaton 


Orford 
Wentworth 


Dorchester 
Lebanon 
Plymouth 


Sandwich 


Moultonboro 
Effingham 
Wolfeboro 


Wakefield 


Rock 


Conway 
granite 

Conway 
granite 


Granite 
Granite 
Granite 


Granite 
Granite 
Granite 


Conway 
granite 

Conway 
granite 

Conway 
granite 


Conway 
granite 
Conway 
granite 
Granite(?) 
Granite (?) 
Granite 
Conway 
granite 
Schistose 
volcanic 
agglomerate 
Pyritiferous 
schist 


Quartz 
syenite 
Biotite gneiss 


Pyritiferous 
schist 


Syenite 

Nepheline 
syenite 

Granite 


Pyritiferous 
schist 


Granite (?) 


DESCRIPTION 


Disused ‘‘Carl Abbot”’ pit, west of Echo Lake. 
Rotted ledge and drift. 

Disused pit at entrance to hut of University 
of New Hampshire Outing Club, south of 
Walker Brook. 

Pit in woods east of State Highway camp. 
Rotted ledge. 

At Allen’s pring, near old State Forest 
Guard’s Camp. 

Near Frankenstein trestle and several hundred 
feet south of Deep Hole bridge. Spheroidal 
boulders crumbling to sand. 

Near end of Jericho road, east side of Rocky 
Branch River. 

French pit, one mile northeast of village, north 
of Saco River. 

Bear Mountain Notch road, near height of 


land. 
Goodrich Falls, both sides of Ellis River. 


Whittaker pit, near Intervale. Loose drift 
full of disintegrated boulders. 

Loud (formerly Mason) pit, south of Kear- 
sarge village. Till, washed drift, and 
rotted rock. 

Small roadside pits on Hurricane Mountain 
road, near height of land. 

Smith it, near Albany town line on State 
Aid road. 

Near Sabbaday Brook on new Forest road 
from Passaconaway to Waterville. 

Near Paugus Mill site. 

On back road near Archie Nickerson’s. 

At abandoned farm north of Eaton Center, on 
Rockhouse Mountain road. 

At 1450 feet on Brackett Brook, east of 
Cube Mountain. 


Ledge at road fork, Baker’s Pond and Atwell 
Hill roads. Superficial rusting rather than 
rotting. 

loge on town road southwest of Pollard 

i 

Shallow trench at ——e in 700-foot col south- 
west of Colburn 

Ledge on west side of U. S. Highwa in about 
11% miles south of village. er super- 
ficial 

Lawrence Webster pit, half a mile south of 
State Aid road near Holderness line. 
Fresh till over rotted rock. 

Horne quarry on old road at 1000 feet, on 
trail up Red Hill. 

Watson pit at southwest corner of Green 

e on town road running east on Cotton 
pe Strongly rusted, somewhat 
softened. 

~~ Jenness pits, in rotted rock, 10-15 feet 

eep. 


1 
Loc. 
4 
5 
6 
| 
8 
9 
10 
11 
12 
13 
4 
15 
16 : 
17 
18 
19 
21 
22 
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Taste 1—Occurrences of rotted rock in New Hampshire—continued 


Loc. Town Rock DEscrIPTION 
31 Gilford Syenite High ledge near ski jump, used for new road 
recreational center. 
82 Sanbornton Pegmatite Ledges near town line, a mile north of East 
Tilton, rotted several feet ma 
33 Danbury Granite “Dungiwarn” Hill, cut by U villee Halt 4 
porphyry about 114 miles south of 
rotted, chocolate colored. 
34 Boscawen Pyritiferous Rusted and somewhat softened, on Gerrish 
schist on on 1% miles from U. 8. High- 
35 New London Concord eer pit (disused), a quarter of a mile east 
granite ighway 11 on Burpee Hill road. 
Rotted to depth of several feet. 
36 Newbury Granite About 2 miles from South Newburn on road 
porphyry (?) to Sutton Mills. 
37 Unit Granite gneiss Just east of Quaker City. 
38 Washi n Granite On ae 31, part way my “Winding 
porphyry amount used in 1907. 
39 Keene Granite Faulkner or Ellis pit, 3 _— west of city. 
Fresh till on rotted rock 
40 Keene Granite os) uarry (about 1890) half way up Beech 
, east of city. 
41 Bennington Granite Ledge’ in Contocook River, under new bridge. 
porphyry Not exposed above water. 
42 Mont Vernon Granite Ledge on Milford road at town line. Rotted 
20 feet deep but on steep face. 
43 Northwood ———-— (”) Ledge on Catamount road, 14% miles north- 
west of Northwood Narrows. 
44 Deerfield Diorite on road to Pawtuckaway forest, just 
north of portal. 
45 Nottingham Diorite and Deep pit in Pawtuckaway Park at Deerfield 
neiss town line. Diorite rotted out deeply under 
gneiss. Sandy till above 
46 Durham Diorite Excavations at University of New Hampshire 


athletic field. Weathered about a foot 
deep, under few feet of till. 


DEEPLY ROTTED ROCK BENEATH FRESH TILL 
GENERAL STATEMENT 


Most of the 46 occurrences listed in Table 1 are rotted ledges, thinly 
covered by loose drift, and not sharply distinguishable from it because it 
consists largely of rotted local material. It is not easy to decide whether 
both the drift and the rock have been rotted during postglacial time or 
whether rock that was deeply rotted before the last ice advance was partly 
plucked up into the till and finally left to weather again in postglacial 
time. 

But at three localities particularly (2, 26, and 39, Fig. 1) and perhaps 
at another (21, Fig. 1) which has recently been reported by L. R. Page, 
deeply rotted rock is sharply overlain by fresh till in such a way as to 
imply prolonged rock weathering before ice advance. These correspond 
in many ways to examples described by Flint (1930, p. 49-51) in Con- 
necticut, by Humphreys and Julien (1911) in New York, and by Stone 
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(1899, p. 28, 267) in Maine. But clastic dikes like those at three New 
Hampshire localities have not been reported elsewhere, unless perhaps by 
Edward Hitchcock (1841, p. 396). 


SECTION IN KEENE 

The significant section in the Ellis pit in Keene was reported by Robert 
E. Faulkner in September 1931. George W. White and other geologists 
associated with the senior author in the State Highway Department con- 
curred in the opinion that preglacial subsoil had been preserved under a 
compact till cover. 

The borrow pit furnishing the section is roughly circular, about 100 
feet in diameter, near the north end of a drumlin-like hill. Rotted granite 
is overlain by 10 to 20 feet of till that contains boulders of the granite as 
well as quartzite, hornblende schist, and mica schist. A clastic dike of 
till matrix intrudes the weathered granite to a depth of at least 6 feet. 
As the pit is disused, slumped and overgrown, samples taken represent 
only the till, rotted rock, and clastic dike, rather than a complete vertical 
section. Tabulated analyses show not only definite correspondence of the 
clastic dike to the matrix of the till, but also strong contrast between these 
and the decomposed rock (Kruger, 1938). 


SECTION IN SANDWICH 

The second example of deeply weathered rock under fresh till was 
reported to the senior author in 1932 by Lawrence Webster and Laurence 
M. Gould. It appeared to them to be of preglacial origin. An excavation, 
now more than 100 yards in diameter, against the low northern base of 
Rattlesnake Mountain exposes from 2 to 10 feet of badly disintegrated 
syenite under from 2 to 15 feet of till. The contact is continuously shown 
for distances as great as 75 feet. The coarse pink and black syenite has 
been reduced to spheroidal masses that range from specimens about the 
size of a football to tabular ellipsoidal bodies 12 to 15 feet in diameter. 
The small cores vary in strength from those difficult to break with a 
hammer to some that smash to sand when dropped. In many places the 
loose residual earth can be dug out from under large resistant cores of the 
rock, emphasizing the irregularity as well as the depth of the alteration. 
The west face of the pit reveals a narrow trap dike that is weathered as 
deeply as the syenite. 

The contact between the till and the rotted rock is characteristically 
smooth, straight, and nearly horizontal (Pl. 1, fig. 1). It might not be 
surprising to find striation on this plane, although striae were actually 
detected only on a fairly firm flattish surface of one of the largest and 
least-weathered cores. Is it not possible for materials as soft as these to 
become smoothed and striated? The behavior of ice moving forward at 
the bottom of a thick ice sheet, across materials softer than solid rock, is 
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a matter about which there may be much speculation and conflict of 
opinion. Perhaps the question will be answered best when all examples 
like this have been impartially examined and compared. Contacts of 
this sort have been accepted as evidence of shearing of active ice over 
frozen ground (Flint, 1930, p. 50-51). 


ec 


Ficure 2.—Section of till over rotted rock at Sandwich 


At one or two places in the walls of the Webster pit the contact between 
till and rotted rock is very irregular. Here, large and small spheroidal 
masses appear to have been pulled up into the till, and some of the residual 
sand seems to have been crushed into rough parallelism with the contact 
plane. Here, too, a complex network of rather straight clastic dikes, less 
than an inch thick, penetrate the rock 10 or 20 feet along intersecting 
joint planes, sending short crooked apophyses into the rock mass at 
random as if into an already soft wall (Fig. 2). 

The samples, taken at the north face of the pit, represent various zones, 
from the surface down to fresh rock. They were analyzed by heavy- 
mineral methods, and the results are tabulated in Table 2. 

The till shows similar kinds ard proportions of minerals in all samples, 
except that biotite is noticeably bleached and both biotite and apatite 
are scarce in the near-surface samples A and B, and limonite strongly 
stains the grains of sample B. 

The heavy-mineral distribution of fresh and rotted rock is remarkably 
uniform, showing mainly a loss of amphiboles in the weathered grains. A 
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thin section shows that the syenite is relatively fresh, though feldspars 
are kaolinized and biotite is rusted. Probably the weathering has been 
mainly disintegration by hydration. 


Tas_e 2.—Analysis of samples from the Webster pit 


Heavy-mineral! distribution of materials 1/16 mm. -1/8 mm. diameter. 
Percentages based on number of grains counted. 
x = amounts less than one per cent. 


8 6.6.46 2.4 B 
ae 7 8 2 8 1in 17 
E 5 2 60 4 x 4 2 23 
F 7 2 64 2 6 22 16 
G 13 2 51 6 4 8 2 5 8 
2 4 6 2 71 


A—Soil from organic zone, including top 8 inches of turf and roots. 

B—Strongly limonitic till, 1 to 24 feet thick, below vegetative matter. 

C—Upper part of definitely fresh-looking till, 4 feet thick, containing boulders of syenite and schist in a 
matrix of greenish clay. 

D—Lower part of till. 

E—Top of 5 feet of disintegrated syenite, still retaining banding of original rock, although some slump 
due to weathering is seen. 

F—Fresher than Sample E, but weathered some. 

G—Fresh syenite from bottom of excavation; three good joint systems. 

H—Weathered boulder of syenite in the till. Associated with sample H (in the till of samples C and D) 
are boulders of: biotite granite gneiss, basalt weathered but with fresh core, pink binary granite, lime 
silicate granulite, and sillimanite schist fresh and weathered. 


The till, from top to bottom, is uniformly constituted of freshly abraded 
rock and some previously weathered materials. The clean-cut appearance 
of grains of kyanite, garnet, sillimanite, zircon, and some amphiboles and 
pyroxenes indicates derivation from fresh rock. The finding of some 
weathered syenite fragments in the till accounts for the abundance of 
weathered grains. The present cycle of weathering, shown by the partial 
elimination of biotite and apatite at the surface, has descended only 1 to 
21% feet through the limonite zone of sample B. 

In the weathered syenite boulder (sample H) taken from the till, the 
biotite is bleached so that some of it floats off in bromoform and much 
of it appears badly rusted in the weathered grains. It is more decomposed 
than any other sample of either weathered syenite or surface till. The 
loss of biotite and the larger number of weathered grains show the boulder 
to be too fully decomposed to have been developed in its present position 
in the till; it must, rather, have been caught up by the ice from the upper 
part of the already disintegrated ledge. 
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RAILROAD-CUT IN GORHAM 


The third example of deeply rotted rock under till, a cut on the Boston 
and Maine railway, about 2 miles west of Gorham station, was discovered 
in September 1937 by Richard Goldthwait. This resembles the other 
two examples in every essential particular, but the rotted ledge consists 
of three distinct rock types, the depth both of till and of rotted rock is 
greater, and the clastic dikes consist of finely laminated silt instead of 
unassorted till matrix. 


ODDLY SHAPED BOULDERS IN THE DRIFT 


On doorsteps and in dooryards of New England farms, one often sees 
oddly shaped rocks that have been gathered from fields and set up as 
curiosities (Pl. 1, figs. 2 and 3). Some, because of their shape, are called 
“anvil rocks”; others are strangely irregular, suggesting petrifactions of 
owls or monstrous frogs. Many are black and heavy and are thought by 
owners to be meteorites; but, upon examination, they prove to be diabase 
dike rocks, chemically decomposed, with concave sides and pitted or 
lumpy surfaces. However, there is no rust nor residual clay on them. 
Other specimens composed of granite or gneiss show strongly corrugated 
surfaces as if shaped by differential weathering. One or two may be seen 
in almost any college museum, and locally they are offered for sale at 
curio shops. Although widely recognized as freaks of nature, they seem 
to have called forth few serious attempts to analyze their origin. Several 
things point to the probability that they are boulders formed by long 
chemical weathering during preglacial (or interglacial) time and later 
incorporated into the ground moraine. 

Inquiry into the occurrence of odd rocks like these, by the senior author, 
brought out the fact, long suspected, that where more than one is found 
there may be many. For example, a collection set up at the entrance of 
Rough Acre Farm in Ossipee includes more than forty good specimens, 
ranging up to 8 feet in long diameter. Their shapes are various, fantastic 
and imitative. All were gathered from old stone walls on the place during 
the past half century or more. Before that they probably lay scattered 
over the ground or so near the surface as to be loosened by plowing. The 
land is till-covered upland, without any notable peculiarities of topog- 
raphy, drainage, or vegetation. Although the diabase resembles that 
often found in dikes 20 to 30 feet wide, no such dike is known to outcrop 
near by. The source may be hidden by drift. 

Another large collection was seen at a farm near the “Gully Oven,” 
about 114 miles north of West Lebanon, Maine. Here are fully fifty 
boulders and fieldstones, including many between 1 and 3 feet in diameter, 
and of indescribable shapes. These, too, are of coarse diabase, with out- 
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lines and surfaces that imply deep chemical weathering. However, the 
surface is invariably hard and firm, like the interior. Many have been 
given away or sold to owners of neighboring farms, and one large speci- 
men was even carried 50 miles to Portland. The caretaker says that all 
the rocks were found within a hundred yards of the house, most of them 
from stone walls. A few were recently dug up in the garden. One 
“meteor,” which lies undisturbed in its original place, in a flower bed by 
the side of the house, is easily exposed by spading away the shallow soil, 
common grayish till without iron rust or residual material. Again it seems 
‘probable that wide diabase dikes, rotted deeply before the last glaciation, 
supplied oddly shaped cores for the ice sheet to carry short distances, while 
hiding the source with drift. 

Scarcer and more widely scattered “anvil rocks” of a coarse biotite 
granite are seen in the Lake Winnepesaukee region of central New Hamp- 
shire. Thin aplite or finer granite dikes in many places compose the flat 
base and top of the anvil, the sides of coarser granite being hollowed in 
so far that little remains at the “waistline” (Pl. 1, fig. 2). As the Winne- 
pesaukee granite occupies hundreds of square miles of continuous low- 
land country, and the potential source of the anvils is thus enormous 
compared with dikes of diabase, the scarcity and lack of concentration 
of the granite anvils is noteworthy. One may hunt for days, among thou- 
sands of rocks in pastures and stone walls, before finding one good speci- 
men. Perhaps, preglacially weathered cores of this granite were not 
numerous in the first place, or were generally too weak to stand removal 
and transportation by the ice—for tests in the Highway Laboratory show 
the Winnepesaukee granite to be the weakest granite in the State. More 
likely, perhaps, most of the preglacial (or interglacial) subsoil in this area 
was removed and scattered before the plucking out of fresher blocks 
occurred on a grander scale. 

In the summer of 1937 the senior author noticed the furrowed top of a 
large granite boulder in shallow water of Lake Wentworth, in a protected 
bay behind Turtle Island. From the time when the ice sheet uncovered 
the area until about eighty years ago, almost certainly, the rock lay con- 
tinuously submerged by the lake. Since the 1850’s, indeed, the lake has 
been subject to unnatural fluctuations from deepened outlet and leaky 
dams, yet there have been only infrequent and brief intervals when the 
water level was so low as to expose this rock. It is logical to assign the 
weathering to preglacial (or interglacial) time. 

In 1900, M. L. Fuller described similar rock from the shore of Lake 
Winnepesaukee near Tuftonboro, where ledges of Winnepesaukee granite 
in as much as 10 feet of water showed protruding veins of pegmatite. 
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Fuller (1900, p. 357), however, dismissed the idea of possible preglacial 
(or interglacial) weathering, thus: 

“The erosion can not have been pre-glacial as the situation of the ledges is com- 
monly such that they must have been subjected to the full force of the moving ice. 
That such was the fact is attested by the general outlines and contours of the sub- 
merged ledges, and by the presence of distinct, though partially obliterated, glacial 
grooves.’ 

Fuller sought to account for the weathering by chemical attack of nearly 
pure lake water. 


THINNESS OF THE DRIFT 


Flint (1930, p. 47, 73) has cited the thinness of the drift and its strik- 
ingly local composition as evidence that glacial erosion in Connecticut 
was of very limited depth. In New Hampshire the case is the same. 
Lithological-percentage counts of till stones and of larger fieldstones all 
over the State indicate that most of the coarse material in the drift lies 
within a few miles of its original source. The average thickness of the 
drift appears to be between 10 and 15 feet. If the preglacial soils of most 
of this upland had an average thickness of 3 or 4 feet, that material might 
form about one quarter of the drift. Mingled intimately with fresher 
products of glacial plucking and abrasion, the old subsoil content of the 
drift might not be easy to recognize, especially if it consisted mostly of 
“fines.” 

Judging from lines of flow of the glacier across the State, worked out 
from striae, drumlin axes, and stone dispersion, there is a chance that 
drift collected from the northern and eastern parts of New Hampshire 
might have moved southeastward to situations now offshore on the floor 
of the Gulf of Maine and the Banks. But there is no such way of dis- 
posing of drift gathered from western and southern New Hampshire, 
where lines of flow point southward or south-southeastward across Massa- 
chusetts, toward Connecticut and Rhode Island. Long Island Sound, 
created by rise of sealevel in late glacial time, offers only a doubtful 
escape for drift material. Successive epochs or stages of glaciation might 
account for the obscurity of the old subsoil content of the drift; but in 
New England the record of earlier ice advances is not clear. It should 
not be surprising to discover much weathered material in the drift, but 
probably few will agree with B. K. Emerson (1917, p. 135), that “The 
softened rock layer became the first and principal source of the till.” 


CONCLUSIONS 


The thin mantle of drift over the New Hampshire upland probably con- 
tains much preglacially (or interglacially) weathered rock material. The 
general freshness and strength of rock exposures, however, and the rela- 
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tively slight postglacial alteration of them indicates that nearly all old 
subsoils were stripped off and that new ones have scarcely commenced to 
develop. The forty or fifty definite occurrences of rotted rock in and 
under the drift are rare, yet some are so deep as to call for long weathering 
before the last glaciation. Where preglacially (or interglacially) weath- 
ered material has not been protected from exposure by thick, compact 
till, it has, of course, undergone additional postglacial alteration. 

Three sections in particular are cited, where deeply rotted rock is over- 
lain by fresh till, and where only the usual limited surface leaching and 
rusting of the till registers postglacial changes. These are regarded as 
remnants of subsoil of earlier time. Details of the contact between till 
and rotted rock indicate smooth shearing of soft material from the top of 
somewhat harder and perhaps more firmly frozen rock material, the pull- 
ing up of ellipsoidal masses into the till, and the injection of till matrix 
far into the rock mass to form clastic dikes. Study of the heavy-mineral 
content of these materials strengthens the interpretation. 

Oddly shaped fieldstones also are thought to be relics of preglacial (or 
interglacial) rock decay, caught up by the ice sheet, cleaned of their 
residual coats, and scattered through the till not far from their sources. 
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ABSTRACT 


A new areal map of the pre-Cambrian and related rocks of the Reading Hills near 
the Lehigh County-Berks County boundary is presented. 

Structure sections, based on the interpretations of different workers, are given. 
The problem of the origin of jasper, found abundantly in the region, is 4 
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The following two theories of origin of the area are examined in the light of the 
evidence of the areal maps and structure sections, and the information obtained 
from wells, mine shafts, and past diamond drilling: 

1. Overthrust faulting of several miles thrust followed by normal faulting, folding, 

and erosion have brought about the present relationships. 

2. Folding and normal faulting (with thrust faulting appearing locally), followed 

by erosion have been the dominant factors resulting in the present conditions. 

It is concluded that the second theory is the more applicable. ' 


INTRODUCTION 
SURVEY OF THE PROBLEM 

Further information pertaining to the structure of the pre-Cambrian 
hills occupying the area between Reading, Pennsylvania, and the Dela- 
ware River near Easton was collected during the summer of 1937. 

Stose and Jonas (1935) consider most of the pre-Cambrian ridges of 
crystalline rock to be the remnants of a great overthrust sheet; the elon- 
gate valleys the result of the erosion of Paleozoic limestone and dolomite 
where these rocks were exposed in anticlinal uplifts in the overthrust 
sheet. An alternate hypothesis long held by E. T. Wherry (1916, p. 23) 
and B. L. Miller (1925, p. 28) and supported by the writer is that the pre- 
Cambrian crystalline hills and the elongate valleys between, have re- 
sulted from the erosion of an area in which folding and faulting have 
brought Paleozoic limestone and dolomite below the level of the more- 
resistant crystalline rocks. In connection with this latter hypothesis it 
is further thought that high-angle thrusts in places delineate the hills 
on the northern side, and normal faults along the southern side of some 
of the hills have dropped blocks of Paleozoic sediments into the older 
crystalline rocks. 

As the interpretation of the structural history of this belt is contro- 
versial, the writer presents an areal map of a part of the Reading Hills, 
structure sections, physiographic evidence, and the evidence of dug wells, 
mine shafts, and diamond drilling. An areal map of the same area and 
structure sections along the same lines as those of the writer, but pre- 
senting the overthrust interpretation, are also given; comparisons and 
contrasts of the two interpretations are pointed out. The area mapped 
lies within a few miles of the boundary lines of Lehigh and Berks coun- 
ties, in eastern Pennsylvania. 

The difference in interpretation (Figs. 1 and 2) involve (1) the actual 
limits of the different formations; (2) the interpretation of certain re- 
placement or residual products, thought by one group of workers to have 
been formed from limestones and, by another group, from quartzite or 
sandstone; and (3) the classification of such limestones. 

Some of the differences under (1) and (2) are the result of the inherent 
difficulties of accurate areal mapping in a region of a few outcrops; 
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Ficure 1—Modified geologic map of the area 


Geology of the area bordering the Lehigh-Berks county line. Map redrawn from Plates 52 and 53 
in Stose and Jonas publication (1935). (p€) pre-Cambrian; (€h) Hardyston quartzite; (€t) Toms- 
town dolomite; (€e) Elbrook limestone; (Tr) Triassic. The proposed overthrust sheet has been 
left blank except for a few small areas of Hardyston marked by “x” and the district around 
Longswamp. All other areas are part of the overridden block. 


Ficure 2—Geologic map of the area 


Areal geology of the district bordering the Lehigh-Berks county line. (p€p) Pochuck gneiss and 
associated Franklin formation shown in black; (p€b) Byram gneiss; (€h) Hardyston quartzite; 
(€t) Tomstown dolomite; (Tr) Triassic. All unruled or unstippled area, except the district around 
Longswamp, is pre-Cambrian Byram gneiss. 
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others are in part the result of the difference in the interpretation of the 
origin of the jasper or iron-stained chert which is found in numerous 
places. 

DIFFERENT INTERPRETATIONS OF JASPER 

Stose and Jonas describe the jasper as formed by replacement of lime- 
stone by silica along the supposed great overthrust fault. They have 
used it as an indication of the presence of limestone in valleys within 
the mountains, where limestone does not crop out. This interpretation 
has given rise to numerous stratigraphic discrepancies, which are ex- 
plained by introducing a great overthrust movement. If, however, as 
the writer believes, the jasper, which is widespread, is a replacement of 
Hardyston sandstone or quartzite, no such difficulty in structural inter- 
pretation arises, because Hardyston would be expected as the result of 
down-folding and down-faulting within the mountain mass and, under 
these conditions, would be in a normal position if found adjacent to 
pre-Cambrian rocks. 

Instead of using jasper, ferruginous chert, iron-stained chert, or other 
similar terms, it is thought best, for the present purpose, to refer to this 
group of materials simply as jasper. Its origin has already been discussed 
by Miller (1925, p. 26), Myers (1934, p. 92), Stose and Jonas (1935, 
p. 772), and by Miller and Fraser (1936, p. 2035). The writer (1937, 
p. 57-61) has shown that there is a strong probability that the Hardyston 
quartzite has, in places, been replaced by jasper. Plate 1, figure 1, shows 
(somewhat magnified) the appearance in hand specimen, of the sup- 
posedly replaced Hardyston. In the photomicrographs (Pl. 1, figs. 2 
and 3) of this material, the rounded grains are distinctly shown, and 
between crossed nicols the individual rounded areas are found to be 
aggregates of smaller quartz grains. 

Gilluly (1932, p. 99) has observed rounded aggregates of anhedral 
quartz grains and has suggested they were formed by, “the recrystalliza- 
tion of spherules of chaleedony. . . .” The grains shown in Plate 1 
may have had such an origin, but they exhibit no radial or concentric 
structures and in general appear to be replacement of original sand grains. 

The problem of why large grains of quartz are replaced by small 
quartz grains was discussed by Gilluly, who felt there was no satisfac- 
tory explanation for the process. At the time the material shown in 
Plate 1 was collected by R. D. Butler and the writer, Butler called the 
writer’s attention to the fact that quartz under strain might be replaced 
by unstrained silica; that the strain in larger grains may be relieved by 
recrystallization to numerous smaller grains as described by Adams (1920, 
p. 649-653). The photomicrographs of Plate 2 indicate not only that 
silica of one form does replace silica of another form, but also show 
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Figure 1. Brown JASPER, SHOWING ELONGATE ROUNDED PARTICLES 
Ficure 2. PHOTOMICROGRAPH, IN PLANE POLARIZED LIGHT, OF MATERIAL OF FiGureE 1 
Showing rounded areas outlined by granules of hydrous iron oxide and sericite. 
Ficure 3. SAME FIELD AS IN FIGURE 2, BETWEEN CROSSED NICOLS 
Showing the larger areas composed of fine-grained silica. 


JASPER WHICH IS BELIEVED TO HAVE FORMED BY REPLACING HARDYSTON 
SANDSTONE OR QUARTZITE 


BULL. GEOL. SOC. AM., VOL. 49 FRASER, PL. 2 


Ficure 1. LARGE, STRAINED QUARTZ GRAIN BEING REPLACED BY CHALCEDONY 
Crossed nicols. 


* Figure 2. STRAINED QUARTZ GRAINS BEING REPLACED BY JASPER (FINE-GRAINED, IRON-STAINED 
QUARTZ) 
Crossed nicols. 


PHOTOMICROGRAPHS OF QUARTZ ALTERING TO FINER-GRAINED SILICA 
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that the quartz grains being replaced, are strained. There can be little 
doubt that the large quartz grain (PI. 2, fig. 1) has been in part replaced 
by silica of the chalcedony type. The grains of quartz (Pl. 2, fig. 2) 
might be thought to represent mortar structure, but close examination 
shows encroachments of fine-grained silica, of the jasper type, into the 
larger quartz grains, which would hardly result from cataclastic action. 
Furthermore, other fields of this specimen show areas of quartz having 
comb structure and, in other places, irregular bands of iron hydroxide 
stain, both of which features indicate the introduction of silica, rather 
than crushing, as the origin of the diversely oriented fine anhedral grains 
encroaching on the coarser grains of quartz. 

The materials illustrated in Plate 2 are forms of jasper from the Read- 
ing Hills and represent specimens in which replacement has not been as 
complete as it is thought to have been in the material shown in Plate 1. 

As was previously pointed out by Miller and Fraser, jasper, where 
abundant in the area, is almost invariably accompanied by numerous 
fragments of Hardyston quartzite. This important association should be 
remembered because the replacement of limestone by jasper is normally 
a more expectable process than the replacement of sandstone. 


COMPARISON OF AREAL MAPS 
GENERAL STATEMENT 


In order that the differences in the two interpretations of the structure 
of the area may be better understood, and the importance of the origin 
of the jasper be emphasized, several areas are discussed in detail. 


AREA EAST OF HEREFORD 


In the area one mile east of Hereford, Hardyston quartzite occurs as 
large massive outcrops and as scattered boulders. Stose and Jonas have 
interpreted the Hardyston (Fig. 1) as occurring in several more or less 
isolated areas, each of which is bounded on one or two sides by fault 
planes along which the Hardyston has been dropped into the pre-Cam- 
brian. Thus, they explain the scattered occurrence of the Hardyston 
over the southern slopes of the hills. The writer (Fig. 2) explains the 
distribution of the Hardyston by assuming that the present erosional 
surface is close to the warped and folded base of the Hardyston, a condi- 
tion which would naturally result in scattering Hardyston boulders or 
definite outcrops, with other areas showing fewer boulders, or possibly 
an absence of Hardyston. In places, Hardyston remnants are close to 
the crest of ridges. If they are the remnants of down-faulted blocks, 
they might be expected to occupy a lower physiographic position as the 
result of the removal of overlying limestone beds. If, however, they are 
remnants of the original Hardyston blanket, one would expect to find 
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them not only on the hilltops but also on the slopes and in the valleys. 
They are found in all these positions. 


VALLEY NORTH OF HEREFORD 


Figure 1 shows a small valley, one mile north of Hereford and half a 
mile southeast of Sigmund, underlain by Elbrook limestone; whereas in 
Figure 2 the same area is indicated as being underlain by Hardyston 
quartzite and pre-Cambrian gneiss. In the southwestern part of this 
valley, close to the county line, numerous blocks of jasper occur. Toward 
the eastern end of the valley, but still within the area indicated as lime- 
stone in Figure 1, the writer found no evidence to indicate the presence 
of either limstone or quartzite, and, on the basis of the preponderance 
of boulders of Byram and Pochuck gneisses, he has mapped that district 
as underlain by these two pre-Cambrian formations. 


VALLEY EXTENDING FROM SEISHOLTZVILLE TO SIGMUND 


Figure 1 also shows a valley extending nearly east and west along the 
Seisholtzville-Sigmund line, underlain for the most part by Tomstown 
dolomite, with a few smaller areas as Hardyston quartzite. Figure 2 
shows the same area underlain by Hardyston quartzite, with a smaller 
area of Tomstown limestone half a mile west-southwest of Sigmund. 
Here, again, the difference in mapping is, at least in part if not largely, 
based upon the interpretation of the origin of jagper. 

In Figure 1, Elbrook limestone is mapped as underlying the valley one 
mile south of Seisholtzville; Figure 2 shows this same district underlain 
by Byram and Pochuck gneisses. Here, again, the mapping in Figure 1 
must be dependent largely upon the physiographic evidence and the oc- 
currence of jasper. The lines in Figure 2 were drawn on the basis of the 
float found on the lower slopes of the hills surrounding the valley and 
the interpretation of jasper. Similar physiographic features would result 
from erosion whether the valleys were underlain by limestone, or the 
area was one in which Paleozoic quartzite and limestone overlying the 
pre-Cambrian rocks has been depressed unequally during folding. The 
chief difference in the two interpretations is that the former postulates 
limestone underlying the valleys at present; the latter assumes that the 
limestone which may at one time have occupied the valley has been 
removed by erosion. 

LOCK RIDGE 


Both Figures 1 and 2 indicate Lock Ridge as pre-Cambrian. Figure 1, 
however, must be interpreted as suggesting that the gneisses of Lock 
Ridge are roughly in place insofar as lateral movement is concerned, 
whereas those in the hills to the south, being part of the overthrust block, 
have been brought from a district several miles (possibly 10 or 15) to 
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the south or southeast. The pre-Cambrian material of Lock Ridge and 
that of the hills to the south are, to all appearances, identical and are 
mapped in Figure 2 as a continuous mass of pre-Cambrian, which is 
broken only by a high-angle fault along the southern side of Lock Ridge. 


AREA EAST OF LOCK RIDGE 


A low, flat spur, one mile east of Lock Ridge, extending northwestward 
from the pre-Cambrian hills is shown in Figure 1 as an area of pre- 
Cambrian and Hardyston of the overthrust sheet. In Figure 2, the 
same district is shown as largely Hardyston in the normal position, over- 
lying the pre-Cambrian, with the questionable occurrence of a smaller 
area of Byram gneiss exposed by erosion of the overlying Hardyston. 
This particular case might be used to emphasize the fact that in many 
places the areal mapping is only slightly different, whereas the structural 
interpretation of such areal mapping is decidedly different. 

These examples indicate the differences in the areal mapping by two 
different parties in the field, and, in part, point out the evidence upon 
which the mapping is based. 


COMPARISON OF STRUCTURE SECTIONS 
GENERAL STATEMENT 


Many differences of opinion have been indicated in the discussion of 
the areal maps produced by different workers. These differences, how- 
ever, are more striking in the interpretation of structure sections. The 
location of the sections discussed have been chosen because they include 
most, if not all, of the important types of structural elements in the 
Reading Hills. 

In the discussion of the compared sections, the different places under 
discussion have been marked as “point 1”, “point 2”, and so forth. 


SECTION ALONG LEHIGH-BERKS COUNTY BOUNDARY LINE 


Structural relations—Figure 3 is presented to show the structure of 
the Reading Hills as proposed by the workers who made the map shown 
in Figure 1. It should be clearly understood that this section was not 
drawn by the authors of the map shown in Figure 1, but has been con- 
structed by the writer from their map, and by comparison with sections 
drawn by them along nearby lines. The section of Figure 4 was drawn 
by the present writer and is based upon the areal geology shown in Fig- 
ure 2. A comparison of these two sections will be made, starting at the 
southeastern end and working northwestward. Figure 3 (point 1) shows 
the Triassic sediments in contact with the Paleozoic and pre-Cambrian 
rocks along a nearly vertical fault, movement along which has lowered 
the Triassic on the south by many hundreds of feet at least. The writer 
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has omitted the structure of the corresponding area in Figure 4, because 
a geophysical investigation of the nature of the Triassic contact with the 
Paleozoic and pre-Cambrian rocks to the northwest is proposed, and it 
is hoped this study will give definite information as to the nature of 


PRE-cAMBRUN IN Fics.3 5) 
poceuc GABERO GNEISS WITH GRAPHITE LENSES 


Ficure 3.—Overthrust interpretation of geologic section along Lehigh-Berks 
county line 


Section AA has been constructed by the writer, from the areal geology shown in Figure 1. 


Ficure 4—Writer’s interpretation of geoiogic section along Lehigh-Berks county line 
Section AA has been constructed from the geology shown in Figure 2. 


the contact. Although the writer does not oppose the interpretation 
shown in Figure 3, he has been unable to find sufficient evidence to war- 
rant its acceptance without further study. 

It will be noted that Figure 3 (point 2) interprets the Hardyston as 
a down-faulted block in the pre-Cambrian, and Figure 4 (point 2) shows 
the Hardyston in its normal sequence overlying the pre-Cambrian, at 
present discontinuous because the erosional surface has in places passed 
below the Hardyston-pre-Cambrian contact. 

At point 3, Figure 3 shows the valley underlain by limestone of the 
supposed overridden block, and Figure 4 shows Hardyston quartzite 
overlying the pre-Cambrian with a normal depositional contact. In the 
Sigmund Valley (point 4) the two sections agree on the presence of both 
Hardyston quartzite and Tomstown dolomite but once more differ in the 
structural relations. 

Another of the valleys (in the section shown only as a slight depres- 
sion, but becoming more pronounced to the northeast), in which there is 
a similar difference of interpretation, lies one mile northwest of Sigmund 
(point 5). Figure 3 shows this valley underlain chiefly by Tomstown 
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dolomite, with a smaller amount of Hardyston quartzite. Figure 4 shows 
only a Hardyston quartzite having once more a normal depositional con- 
tact with the pre-Cambrian. 


Physiographic relations —In reference to points 4 and 5 in the section 
of Figure 3, the authors of the overthrust hypothesis have advanced the 
following explanation for the occurrence of elongate valleys supposedly 
underlain by Paleozoic limestone. They interpret them “as due to gentle 
anticlinal uplifts of the overthrust sheet that have been eroded through, 
exposing the overridden limestone and quartzite” (Stose and Jonas, 1935, 
p. 771). The valleys shown at points 4 and 5 in Figure 3 would have 
such an origin. The valley at point 4 lies at an elevation of 600 feet and 
that at point 5 at an elevation of 950 feet. The latter valley slopes 
northeastward from the position of the section but even at a distance of 
a mile and a half to the northeastward still has an elevation around 
800 feet. The more northern of these valleys, shown at point 5, has been 
developed in what must have been the higher upfold in the thrust plane. 
This fold would have been truncated by the erosional plane earlier than 
the fold underlying the Sigmund Valley at point 4. It should, therefore, 
be obvious that if the limestone underlying the thrust block was exposed 
at point 5 considerably earlier than at point 4, the valley at that place 
should not lie 250 to 300 feet higher at this time. The streams draining 
both valleys cut across the pre-Cambrian hills to the southeast and enter 
the same drainage system at a point about 5 miles to the southeast. In 
all probability, they have had a comparable history, and the lower ele- 
vation of one must be due to a belt of more readily eroded rocks, which 
belt narrowed and largely disappeared, rather than becoming wider, with 
the lowering of the erosion plane. The latter condition would obtain if 
an upfold of Paleozoic limestones were present; the former, if a down- 
fold of the Paleozoic rocks were present. On the basis of such physio- 
graphic evidence alone, it seems questionable whether the interpretation 
of limestone underlying the valley at point 5 should be regarded seriously. 
In addition, the presence of abundant Hardyston quartzite in association 
with jasper would seem to lend credence to the view that Hardyston 
quartzite underlies this area as is illustrated in Figure 4. 


SECTION NEAR SEISHOLTZVILLE-LONGSWAMP LINE 


The actual line of the section passes a mile and a half east of Long- 
swamp and about a quarter of a mile west of Seisholtzville. 

‘ It would seem obvious that the tenability of the overthrust hypothesis 
should be tested by drilling operations at some place or places agreeable 
to those most interested in the problem, preferably near the edge of one 
of the erosional fragments of the overthrust block. Such tests have been 
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planned, but have not yet been performed. Diamond drilling and well 
records, however, are available. Workings of this type at two different 
locations, along the line of the sections shown in Figures 5 and 6, have 
been examined. 


Ficure 5.—Overthrust interpretation of geologic section near Seisholtzville- 
Longswamp line 
Section BB, from a point east of Longswamp extending southeastward past Seisholtzville, was 
constructed by the writer from the geology shown in Figure 1. (p€) pre-Cambrian; (€h) Hardyston 
quartzite; (€t) Tomstown dolomite; (€e) Elbrook limestone. 


Ficure 6—Writer’s interpretation of geologic section near Seisholtzville-Longswamp 
line 


Section BB, from a point east of Longswamp extending theastward past Seisholtzville, was 
constructed from the geology shown in Figure 2. (p€p) Pochuck gneiss and associated Franklin 
formation shown in black; (p€b) Byram gneiss; (€h) Hardyston quartzite; (Om) metadiabase, 
Ordovician(?). 


In one district, half of a mile south, and another a quarter of a mile 
southwest, of Seisholtzville (points 1 and 2), Figure 5 shows the occur- 
rence of limestone where the thrust plane has been cut by the present 
erosional surface. Figure 6 shows only pre-Cambrian formations at the 
same points. 

The writer is indebted to W. F. Walker, who spent several hours with 
him, going over this area, pointing out the location of at least a dozen 
diamond-drill holes from which cores were taken many years ago. Sev- 
eral of these diamond-drill holes are almost along the line of the section 
across the valley, shown at point 2. In all these holes, which were put 
down to depths of 100 to 150 feet, Walker informs the writer that only 
granite, either fresh or decomposed, was encountered. The writer is con- 
fident that Walker, who has operated granite quarries in the vicinity of 
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Seisholtzville for more than twenty years, is competent to recognize both 
fresh and decomposed granite and has given an unbiased statement. The 
writer examined many feet of the drill cores obtained from the various 
locations in this district, and all the cores are pre-Cambrian material. 
In the area one mile southwest of Seisholtzville, lying a short distance 
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Figure 7—Geologic section southwest of Seisholtzville 


Section CC, constructed by the writer from the geology shown along the broken line as indicated 
in Figure 1. Parts have been rotated so as to form a straight line for the section. Stippled area 
indicates overthrust block. Horizontal heavy short lines indicate bottom of two mine shafts along 
the section. 


from the line of the Longswamp-Seisholtzville section, are two old mag- 
netite ore pits which offer some noteworthy data. Figure 1 indicates 
Tomstown dolomite and Elbrook limestone underlying the valley in this 
area. Owing to the small scale of this map, not only as reproduced here 
but also in the original publication, it is not possible to tell the exact 
position of the contact of the supposed overthrust block with the over- 
ridden block. A broken, but in general a northwest-southeast, profile 
across the valley at this point is shown in Figure 7. It will be observed 
that the low points of the profile are on either side of a ridge between 
the two valleys, which have elevations of about 805 feet (western) and 
790 feet (eastern). One of the old mines (point 1) was started on the 
southwest slope of this ridge. The elevation of the opening is between 
840 and 860 feet, and the inclined shaft, which follows the dip of the 
gneissic bands that strike N 53° E and dip 79° SE, was sunk to a depth 
of approximately 40 feet. The opening of the other shaft (point 2), 
which lies to the east, started at an elevation of about 860 feet and 
reached a depth of 95 feet from the surface. 

The property on which the second shaft is located has been in the 
possession of the Hunter family for many years. The owner informed 
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the writer that the mine was worked to a limited extent during 1917 and 
1918 and that several times he was at the bottom of the shaft and 
observed the same type of rock as that now on the dump at the surface, 
which is Byram and Pochuck gneiss. It would not be surprising if the 
graphite-bearing crystalline limestone of the pre-Cambrian should ap- 
pear here. A few lenses are found in the iron mines east of Seisholtzville, 
and graphite-bearing quartzose rocks are found south of Seisholtzville, 
striking in the direction of the mine on the Hunter property. 

If it is thought that Paleozoic limestone occupies both the valleys 
shown in the section of Figure 7, and is overlain by a thrust sheet of pre- 
Cambrian on either side of the valleys, both these mine shafts could well 
have passed completely through the pre-Cambrian sheet. The more- 
easterly shaft starts at a point certainly less than 30 feet above the 
valley to the west, in which dolomite is shown, and would, therefore, 
extend at least 60 feet below the level of the supposed overridden sheet 
only a few hundred yards away. Evidence from this additional area 
further substantiates the writer’s view that Paleozoic limestone does not 
underlie the valley extending southwestward from Seisholtzville. 

Near the northwestern end of the section of Figures 5 and 6, the valleys 
lying south of Lock Ridge meet at a high point whose elevation is close 
to 600 feet. This location is shown at point 3. Figure 5 shows Toms- 
town dolomite underlying even this higher point of the valley south of 
Lock Ridge, with the edge of the pre-Cambrian of the overthrust block 
approaching the pre-Cambrian of Lock Ridge, but in no place being in 
contact with it. Figure 6 shows the pre-Cambrian of Lock Ridge sepa- 
rated from the pre-Cambrian of the hills to the south only by a fault 
which is interpreted to be nearly vertical. 

A dug well is located within the pre-Cambrian material, which in 
Figure 5 is shown southeast of, but overlying, the Tomstown dolomite. 
This well was started at an elevation about 15 feet above the lowest 
point of the divide in the area in which Tomstown dolomite is indicated, 
and, insofar as one may determine from the areal map (Stose and Jonas, 
1935, Pl. 53), the location is approximately at the edge of this part of 
the overthrust sheet. This 50-foot well was dug in pre-Cambrian rocks 
throughout. The material from the well is stacked in a nearby rock 
fence. 

The information obtained from residents of the area, based upon drill- 
ing operations or the digging of mine shafts or wells, in some cases 
many years earlier, is, of course, always open to question. In the two 
cases just outlined, however, and especially in reference to the drilling 
near Seisholtzville, it would seem that there is little reason to doubt 
the accuracy of the statements. On such evidence, the mapping of a 
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limestone belt passing southwestward from Seisholtzville, shown at 
point 2 in the section of Figure 5, is questionable. It should be stated 
that the writer does recognize the presence of limestone farther east in 
the same valley, in the vicinity of Sigmund, but interprets this as a 
block which has been downfaulted on the northern side to bring a small 
area of limestone considerably below the level of the surrounding gneisses. 


CONCLUSION 


The interpretation, in general, of jasper as indicating areas of former 
limestone (which interpretation has brought about a number of struc- 
tural discrepancies and has thereby favored the overthrust hypothesis) 
is questioned in view of the consistent association, in the field, of jasper 
with Hardyston, and the evidence that jasper has, in places, replaced 
coarse-grained quartz. 

In no instance does a mine shaft, well, or diamond-drill hole pass 
through pre-Cambrian rocks into Paleozoic rocks below (as would be 
expected if the overthrust interpretation of the structure is correct), even 
though many such workings have been investigated in locations where 
their depths are such that they might well pass completely through 
the supposed overthrust sheet. 

The writer believes that the structures found in the Reading Hills are 
not satisfactorily explained by introducing a great overthrust fault 
underlying these hills. On the contrary, it is believed the folds and 
faults produced at the time of Appalachian orogeny might well account 
for the present occurrence of many of the belts of limestone and quartzite 
found within the pre-Cambrian area. It is further believed that later 
normal faulting, resulting in the down-dropping of certain areas, has 
been the cause of some of these belts. The writer recognizes high-angle 
thrust and normal faulting and folding as the dominant causes of the 
present areal distribution of formations in the Reading Hills. In the 
smaller area under discussion, no pronounced thrust faulting was ob- 
served, but, in other districts in the Reading Hills, thrust faults of local 
extent are present. 
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The hornblendes of the San Marcos gabbro are divided into five types according 
to their color, habit, and occurrence. The pale-green hornblende of the olivine rocks 
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coarse -brown poikilitic 
he pale fibrous and blue-green hornblendes 


largely by reaction with olivine and ——— The ec 
hornblende is primary. 
are late and of hydrothermal origin. : 
Four primary igneous structures of the San Marcos rocks are described under the 
terms auto-injection structure, banded structure, nodular structure, and orbicular 
structure. These structures were all formed at the close of the period of mobility 
of the magma, when it was filled with plagioclase crystals, and are related to local 
differences in mineralizer content, as shown by the distribution of hornblende, as well 
as to various features of the final movements of the mass. 


INTRODUCTION 


“In connection with the general petrologic study of the San Marcos 
gabbro, in the San Luis Rey quadrangle, southern California (Miller, 
1937), special attention was given to the varied assemblage of hornblendes 
and to several unusual local structures. This paper presents a study of the 
latter features, with particular regard to the problem of origin. As in the 
earlier paper the writer is deeply indebted to Professor Charles Palache 
and the Holden Fund of the Department of Mineralogy, Harvard Uni- 
versity, for financial assistance with the field and laboratory expenses 
and to Professor E. S. Larsen, Jr., for his helpful criticism. 


THE HORNBLENDES 
GENERAL STATEMENT 


The outstanding megascopic feature of the San Marcos gabbro is its 
variability in appearance due to the erratic distribution of hornblende and 
the wide range of its forms. The gabbros are divided primarily into three 
groups—olivine rocks, norites, and quartz-biotite norites—but each type 
is subject to local or widespread enrichment in hornblende. The result is 
a complex group of hornblende gabbros. The distribution of the horn- 
blende-rich rocks in relation to the hornblende-poor types is highly ir- 
regular, and even among the hornblende-rich rocks there are wide differ- 
ences in the amount of hornblende as well as in its habit and grain size. 


MEGASCOPIC DESCRIPTION 


The hornblende gabbros range from light-gray rocks speckled with large 
hornblende grains or clusters of smaller hornblende grains (PI. 1, fig. 1) 
to very dark rocks which appear to be made up mostly of coarse-grained 
hornblende, although the actual amount of hornblende rarely exceeds 50 
per cent by volume (PI. 1, fig. 2). In the highly hornblendic rocks the 
commonest form of the hornblende is coarse poikilitic grains, 2 to 6 mm. 
across, which are distinctly larger than the other rock minerals. They 
vary in shape from roughly prismatic to anhedral. Other more localized 
forms are: long slender prisms, 1 to 2 mm. in diameter by 5 to 10 mm. 
long; regularly distributed short stubby prisms, 0.5 to 1 mm. across, 
giving the rock an unusual speckled character; scattered patches of coarse 
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Figure LiGhHT HORNBLENDE GABBRO 
The rock contains about 25 per cent of hornblende in clusters of grains scattered through a matrix 
of plagioclase. 


Ficure 2. DARK HORNBLENDE GABBRO 
This rock contains about 45 per cent of hornblende. Note the residual concentration of hornblende 
on the weathered surface and the fresh surfaces left by the partial spalling off of the weathered layer. 


TYPES OF HORNBLENDE GABBRO 
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stubby prisms with cleavage surfaces 10 to 30 mm. square; clusters of 
anhedral grains comparable in size to the plagioclase of the rock. In a 
few outcrops, extremely coarse hornblende prisms, 5 to 15 em. long, occur 
in small patches or bands of pegmatitic nature, the coarse hornblendes 
being associated with a like amount of coarse-grained plagioclase. 

Most of this conspicuous hornblende, regardless of habit, is nearly black 
in hand specimens and green-brown under the microscope. Some hand 
specimens also show a lighter-green actinolitic hornblende in fine-grained 
irregular patches. In thin sections this hornblende is fibrous and almost 
colorless. Even in the hand specimens it is evident that the green horn- 
blende is later and is superimposed upon the black. It forms coatings 
along joints and fine veinlets of hornblende without any accompanying 
feldspar. 

MICROSCOPIC TYPES 


General description—Under the microscope, five types of hornblende 
are distinguishable in the San Marcos rocks. In addition to the coarse- 
grained green-brown hornblende and the pale fibrous hornblende, which 
are conspicuous megascopically, especially in the hornblende gabbros, a 
-compact pale-green hornblende is found in the olivine rocks and a deep- 
green reaction hornblende in the norites, even where these rocks are not 
particularly rich in hornblende. Also, a fine-grained blue-green horn- 
blende is found in thin sections in close association with the pale fibrous 
hornblende. As the two latter types consistently occur together and seem 
to have had a common origin, they are grouped together for purposes of 
description. 


Pale-green hornblende.—In the olivine rocks a very pale green horn- 
blende forms reaction rims around the olivine. It occurs in clear, com- 
pact grains, which extinguish simultaneously. It is only slightly pleo- 
chroic in shades of pale green, and the cleavage is less prominent than in 
the other varieties. This hornblende also occurs as interstitial grains 
among the plagioclases adjacent to the olivine and as poikilitic grains 
enclosing smaller plagioclases or pyroxenes. Ordinarily, it is anhedral. 


Deep-green reaction hornblende——In the norites and quartz-biotite 
norites the principal hornblende is a compact deep-green type, with strong 
pleochroism in shades of green. It has been derived, in large part, from 
a magmatic reaction with pyroxene. It is found replacing both hyper- 
sthene and augite in all stages from narrow rims around the margins of 
grains or grain clusters to poikilitic grains entirely enclosing pyroxene 
remnants. The larger poikilitic hornblendes are optically continuous over 
areas 3 to 6 mm. across in thin sections and show still larger continuous 
cleavages in hand specimens. 
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The replacement of hypersthene by this hornblende is somewhat differ- 
ent from the replacement of augite. The hypersthene is replaced margi- 
nally along irregular, but sharp boundaries. Several remnants of the 
same large hypersthene grain may be left isolated in a single poikilitic 
hornblende grain. The separate remnants extinguish simultaneously and 
show the same directions of cleavage. In the end, each is obliterated by 
the gradual advance of the hornblende along a definite front. In the 
augite there is similar marginal replacement, but, in addition, small specks 
and irregular patches of hornblende commonly develop throughout the 
grains in advance of the front of complete replacement. This gives the 
grains a moth-eaten appearance. The process is completed by the coa- 
lescence of the patches. As the latter process is more rapid, the replace- 
ment of augite is, as a general rule, further advanced than that of 
hypersthene. 


Green-brown poikilitic hornblende.—Coarse-grained green-brown horn- 
blende occurs sparingly in some of the olivine rocks and norites and 
abundantly in many of the hornblende gabbros. In hand specimens it 
appears black to very dark green; under the microscope the color ranges 
from brownish green to greenish brown. It is only moderately pleochroic 
in the same colors, but it is darker microscopically, as well as mega- 
scopically, than the other hornblendes. The green-brown type is the 
coarsest-grained of the hornblendes and is usually poikilitic, enclosing 
smaller grains of plagioclase and, less commonly, pyroxene. It extin- 
guishes simultaneously over areas 5 to 10 mm. across in thin sections and 
gives continuous cleavages of 1 to 10 cm. on rock surfaces. This is the 
hornblende which is most conspicuous on weathered outcrops in the vari- 
ous forms already mentioned. 


Pale fibrous and blue-green hornblendes—A pale fibrous hornblende 
and a fine-grained blue-green hornblende are closely associated and grade 
into each other. They are limited, for the most part, to the highly 
hornblende-rich rocks which have only minor remnants of pyroxene, par- 
ticularly the calcic hornblende gabbros. The fibrous hornblende is color- 
less to pale green and only faintly pleochroic. It is commonly accom- 
panied by small amounts of chlorite of similar habit, from which it is 
distinguished chiefly by its higher birefringence and inclined extinction. 
It belongs to the secondary actinolitic type to which the term uralite is 
frequently applied. The associated non-fibrous blue-green hornblende 
forms clusters of minute irregular grains. It is strongly pleochroic from 
blue-green to green to pale yellow green. These hornblendes occur inter- 
stitially to the plagioclase, in irregular patches made up of aggregates of 
the pale fibrous grains or the fine blue-green grains or a mixture of the 
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two. They are the hornblendes which make up the light-green patches 
in the hand specimens and which are found along joints. In the thin 
sections also, they penetrate the plagioclase grains, fill cracks in the pla- 
gioclase, and form veinlets along late fractures which cut indiscrimi- 
nately across the section. 

OPTICAL PROPERTIES 


The variations in the optical properties of the hornblendes are not as 
great as might be expected from the differences in color, habit, and 
occurrence. The optical properties were determined for fourteen speci- 
mens, representing all the types of hornblende and all the principal varie- 
ties of the San Marcos rocks. Most of the properties for each type of 
hornblende cover a wide range from one specimen to another, and the 
ranges for the different types overlap to a large extent. Table 1 shows 
the range of the properties within the specimens studied for each type of 
hornblende. It is probable that some of these ranges might be extended, 
if data were available from a larger number of determinations. 


Taste 1—Optical properties of the hornblendes 


Deep-green Green-brown Pale fibrous 
Pale-green hornblende hornblende and blue-green 
hornblende (Norites) (All types of hornblendes 
(Olivine rocks) (Q-Bi norites) gabbros) (Hydrothermal) 
Number of 
determinations 3 3 4 4 
Per cent An in 
plagioclase 90-95 45-65 55-90 78-93 
Indices @ 1.643-1.648 1.648-1.662 1.653-1.658 1.648-1.659 
1.652-1.659 1.660-1.676 1.666-—1.670 1.660-1.673 
1.667-1.671 1.672-1.688 1.676-1.680 1.670-1.682 
Birefringence 0.022-0.024 0.023-0.025 0.020-0.023 0.022-0.023 
Sign Positive Negative Negative Negative 
Optic angle 80°-85° 75°-85° 68°-78° 70°-80° 
Dispersion r<v (distinct) r>v (distinct) r>v (distinct) r>v (distinct) 
Optical 
orientation ZAc 15°-20° ZAc 20°-25° ZAc 16°-21° ZAc 15°-20° 
*Pleochroism X Pale yellow Pale yellow Pale yellow Pale greenish 
green green green yellow 
» & Pale olive Olive-green Light-green to Yellow-green to 
green greenish brown olive-green 
Z Gray-green to Dark olive Deep gray green Deep bluish 
blue-green green to brownish green 
green 


* Colors here noted were observed in immersion media on fragments of known orientation but varying 
thickness and differ slightly from the characteristic colors of the types as observed in thin sections. 


The significant optical features of the hornblende types are as follows: 
(1) The pale-green hornblende of the olivine rocks has definitely lower 


refractive indices than any of the other hornblendes. The optical char- 
acter is consistently positive, and the dispersion reversed from that of the 
other hornblendes. The optic angles are slightly larger than in the other 


types. 
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(2) The deep-green reaction hornblende of the norites has the widest 
range of refractive indices of any of the hornblendes, but the higher in- 
dices are found only in the quartz- and biotite-bearing rocks. The extinc- 
tion angles are larger than in the other types, and the pleochroism is 
stronger than in any other type except the blue-green hornblende. 

(3) The green-brown hornblende is more uniform optically than would 
be expected from its variable habit and occurrence. Its optical proper- 
ties fall within the same range as those of the other types. 

(4) The pale fibrous and blue-green hornblendes have no distinctive 
optical features, except that the pleochroism of the latter is the strongest 
of any of the hornblendes. 

There is evidence in the hornblendes of a tendency to have higher re- 
fractive indices in rocks of more-felsic character. Thus the pale-green 
hornblendes in the olivine rocks have the lowest indices, and the deep-green 
hornblendes have higher indices in the norites containing quartz and bio- 
tite than in the other norites. Even in minerals as complex as the horn- 
blendes, the variations in index may reflect a general increase of the 
Fe/Mg ratio in the more-felsic rocks. 


ORIGIN 


The various hornblendes represent a long period of formation and are 
believed to range in character from primary magmatic to hydrothermal. 
However, they must all have crystailized from liquids containing mineral- 
izers, for it has been shown by Schaller (1916), Posnjak and Bowen 
(1931), and others that, of the mineralizers, water at least is an essential 
constituent of the amphiboles. The following is an outline of the probable 
origin of these hornblendes. 

The pale-green hornblende of the olivine rocks was formed in part 
through a reaction between the residual liquid of the crystallizing calcic 
magma and previously formed pyroxene. Isolated patches of pyroxene 
with similar orientation in the midst of a large hornblende grain must be 
remnants of a single altered pyroxene. Other pale-green hornblende is 
intergrown with vermicular spinel in reaction rims around olivine. Such 
intergrowths have been variously explained by Sederholm (1916, p. 36-41), 
Kemp and Alling (1925, p. 58), Barth (1927, p. 14-19), Bowen (1928, 
p. 278-279), and others. The intergrowth may have been produced by a 
reaction between olivine and plagioclase or by direct crystallization from 
a liquid which, in the terms of Bowen’s equilibrium diagram, has passed 
into the “spinel field.” In any case, some of the liqu’ . phase was involved. 
In addition to that which is a result of reaction, part of the pale-green 
hornblende represents a primary crystallization, for locally there is much 
more of it than could have been produced by alteration of the limited 
amount of pyroxene. All of this hornblende formed at a late magmatic 
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stage—that is, after the plagioclase and olivine, and most of the pyroxene 
—but it was earlier than the other hornblendes in the same rocks. In 
some specimens it grades into green-brown hornblende, by an increase in 
grain size, a more definite poikilitic habit, and a darkening of color. 

The deep-green hornblende of the norites corresponds to the pale-green 
hornblende of the olivine rocks, as the first hornblende there developed, 
but it has been derived to a much greater extent from a reaction with 
pyroxene. Most of it presumably had such an origin. This appears to 
have been a late magmatic reaction in a closed system between the inter- 
stitial liquid and earlier-formed pyroxene, the liquid being mainly used 
up in the process. The deep-green hornblende also grades locally into 
green-brown hornblende. 

The green-brown hornblende is considered to be, for the most part, 
primary. There is little to indicate that it has replaced earlier pyroxene, 
even though it contains a few inclusions of pyroxene. Some of the horn- 
blende gabbros are made up exclusively of plagioclase and green-brown 
hornblende, without any evidence of earlier pyroxene or olivine, and with 
much more of this hornblende than there is pyroxene in any of the San 
Marcos rocks. The maximum amount of pyroxene is about 30 per cent, 
but in some specimens the green-brown hornblende exceeds 50 per cent. 
Moreover, where the mosaic texture is developed in the hornblende- 
anorthite dikes and a few of the calcic hornblende gabbros, the green- 
brown hornblende fits into this primary texture with the plagioclase. 

The green-brown hornblende is the latest of the primary constituents, 
for it forms large poikilitic grains enclosing all the other primary minerals. 
It may in many places have used up all the remaining liquid and so have 
completed the consolidation of the rock. Much of this hornbiende is later 
than the pale-green hornblende of the olivine rocks and the deep-green 
hornblende of the norites, but the periods of formation no doubt overlap 
in both cases. The reaction of the residual liquid upon pyroxene to pro- 
duce these other hornblendes may have passed locally, or on further cool- 
ing, into a direct crystallization of the green-brown hornblende. 

The pale fibrous and blue-green hornblendes are clearly later than any 
of the essential rock minerals or the other hornblendes. They are believed 
to have been deposited from moving solutions and hence to be hydro- 
thermal. Their distribution is controlled, to a considerable degree, by the 
joints and less-regular minute fractures in the rock and by cracks in the 
individual mineral grains. These hornblendes replace plagioclase and all 
the other hornblendes, as well as pyroxene and olivine. They are com- 
monly associated with chlorite, and the rocks in which they are most 
abundant contain appreciable amounts of sulphides and traces of epidote 
and calcite. In some thin sections they are associated with the alteration 
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products of olivine—graphic iron ore, iddingsite, and anthophyllite—and 
their appearance may have coincided with the destruction of the olivine. 

The hydrothermal solutions which produced them may have been 
merely the last liquid residues in the same general portion of the magma. 
But the solutions must have migrated along joints and other channelways, 
so as to reach parts of the rock where they were out of equilibrium with 
all the principal minerals. In some specimens an elongated patch of 
hornblende, pseudomorphous after a pyroxene prism, shows a central 
portion of pale fibrous hornblende surrounded by deep-green hornblende. 
This indicates a change of conditions in the midst of pyroxene alteration, 
sufficient to interrupt the marginal attack of the deep-green hornblende 
upon a pyroxene grain and to effect the replacement of the unaltered core 
with a later pale fibrous hornblende. It probably represents the change 
from late magmatic to hydrothermal conditions. 

It should be added that there may also have been some movement of 
the liquid residues from which the green-brown hornblende crystallized. 
However, this was a movement through the crystal mesh before the con- 
solidation of the rock, and the liquids were definite magma fractions 
capable of crystallizing plagioclase as well as hornblende. The segrega- 
tion of such magma residues, containing unusual concentrations of min- 
eralizers, explains the local pegmatitic patches of extremely coarse green- 
brown hornblende and plagioclase. 


PRIMARY STRUCTURES 
AUTO-INJECTION STRUCTURE 


Description.—In several different bodies the San Marcos rocks exhibit 
small-scale structures which involve two separate phases of a single rock 
type. Of these the auto-injection structure is the most widespread and 
the only one occurring throughout large areas of outcrops. Other more- 
restricted and local features are the banded, nodular, and orbicular struc- 
tures. 

The term auto-injection structure is used in reference to certain gabbros 
which are made up of two distinct phases, one penetrating the other. 
Plate 2, figure 1, shows the commonest form of this structure—a fine- 
grained dark rock injected, on a small scale, by a coarser-grained lighter 
rock. There is nothing dike-like about the structure, for the outline of the 
later intruding phase is everywhere highly irregular. Where the propor- 
tion of intruding material is greater, parts of the earlier rock may be iso- 
lated as inclusions in a matrix of the later phase (PI. 2, fig. 2). Well- 
defined inclusions are rare, but the phenomenon of intimate penetration 
of one phase by another is displayed over entire hillsides, as at Battle 
Mountain. In some parts of the area one phase may be dominant; else- 


me 
{ 

= 

= 


PRIMARY STRUCTURES 1221 


where in the same area the other phase may be equally dominant. Or the 
earlier rock may predominate in the whole area, the later rock appearing 
only locally as a minor phase. In either case the apparent age relations 
of the two phases are everywhere the same. 

Careful examination in the field shows that the structures occur in the 
midst of gabbro bodies and are not related to contacts, either between 
the gabbro bodies and other rocks or between different types of gabbro. 
In every example the two phases are of essentially the same mineral com- 
position and belong to the same major gabbro type—hence the term auto- 
injection structure. The differences between the phases are largely tex- 
tural rather than mineralogical, although there is commonly an appre- 
ciable difference in hornblende content. The intruding phase ordinarily 
carries larger and more-abundant hornblendes. The auto-injection struc- 
tures have been found in norites, noritic hornblende gabbros, olivine rocks, 
and quartz- and biotite-bearing rocks, but in each case only one type of 
rock in two textural phases is involved. 

The boulder illustrated in Plate 2, figure 1, consists of a fine-grained 
dark porphyritic norite intruded by a coarser-grained and lighter-colored 
equigranular norite. Both phases contain the same minerals in about the 
same proportions, except that the intruding phase carries clusters of 
poikilitic hornblendes. The principal difference between the phases is one 
of grain size and porphyritic texture. This boulder was found in place 
on the eastern spur of Red Mountain. About a mile to the northwest 
in the same gabbro body, sharply defined inclusions of fine-grained por- 
phyritic hornblende gabbro occur in a matrix of coarser-grained, lighter- 
colored hornblende gabbro (PI. 2, fig. 2). Both phases represent norites 
at a late stage in the alteration of their pyroxene to fibrous hornblende 
and so appear to be the hornblende-rich equivalents of the corresponding 
phases shown in Plate 2, figure 1. Similarly, in a body of olivine rocks 
northeast of Lilac, a dark medium-grained olivine norite is intruded by 
a coarser, lighter, hornblende-bearing olivine rock. 


Origin.—Where the auto-injection structure consists of distinct inclu- 
sions of one phase in a matrix of another, it approaches the plutonic in- 
trusion breccia of the isle of Rum, described by Harker (1908, p. 69), or 
the xenolithic structure of the peridotes of Skye, also described by Harker 
(1904, p. 77). In the San Marcos rocks the inclusions are cognate, not 
only in the general sense that they have been derived from previously 
consolidated batholithic rocks, but even in the strict sense that they are 
composed of the same type of gabbro as the matrix. Thus the inclusions 
appear to have been produced by the local shattering of early solidified 
portions of a body of magma, and the filling-in around the detached frag- 
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ments with still-liquid magma from the same area. The boundaries of 
the inclusions range from sharp to blurred, depending upon the length of 
time available for their reworking by the liquid before the consolidation 
of the matrix. Such distinct inclusions are rare. 

The irregular intimate penetration of one phase by another, which is 
so much more common, is a closely related phenomenon. In this struc- 
ture the earlier phase did not break along definite fractures nor yield 
detached fragments with well-defined boundaries. It is probable that 
the earlier phase was still in the state of a crystal mesh at the time when 
the penetration took place. A new intrusive impulse, or a readjustment 
of the country to the newly intruded magma, then separated the crystal 
mesh and forced into it, not merely the interstitial liquid from the mesh, 
but liquid magma from adjoining portions of the body, where the process 
of crystallization was less advanced. Even the later, more fluid phase 
contained numerous crystals at the time of its injection. 

Some combination of these processes—the shattering of solidified por- 
tions of the intrusive and the disruption of a crystal mesh—must have 
produced the structures. In either process the liquid of the later phase 
had essentially the same composition as the material of the earlier phase. 
However, it would be expected that the later phase might show some 
concentration of the mineralizers or of silica and soda. Evidence of this 
is found in the fact that the later phase generally contains more horn- 
blende and in some specimens has a slightly more sodic plagioclase. The 
textural differences between the two phases may have been caused by 
several factors which are not easily evaluated. The finer grain and com- 
mon porphyritic texture of the earlier phase might be explained as a 
result of the more-rapid cooling of the first magma to reach a given place. 
But other factors, such as differences in mineralizer content, were prob- 
ably more important in determining textures. 


BANDED STRUCTURE 
Description.—At several localities, within different gabbro bodies, the 
rocks show pronounced banding of the constituent minerals. Where best 
developed, the banding is remarkably uniform (PI. 3, fig. 1). The banded 
structures are limited to small areas, from a few feet to a few hundred 
yards across. The outcrops are not continuous, and different groups of 
residual boulders within a single area exhibit banding in varying degrees 
of perfection and in slightly different patterns. At the margins of the 
area the banding becomes less pronounced, and the banded rocks grade 
into normal gabbro. No general orientation of the bands in a given area 
was observed; many of the boulders have been moved, or at least rotated 
somewhat, from their original position. 
In detail, the structure consists of alternating dark and light bands, 


j 
{ 
| 
| 
? 
| 
: 


SHAUNLINULS 


PL. 3 


“‘spueq oy} 


BULL. GEOL. SOC. AM., VOL. 49 


| 
: 


BULL. GEOL. SOC. AM., VOL. 49 MILLER, PL. 4 


Ficure 1. SMOOTH FRESH SURFACE 
An outcrop of nodular norite with a distinct mottled appearance. 


Figure 2. WEATHERED SURFACE 
Nodules weathering out of a small boulder of nodular norite. 


NODULAR STRUCTUR 
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with the dark bands two to four times as wide as the light ones. In 
Plate 3, figure 1, the dark bands average an inch in width, the light bands 
one-fourth to three-eighths of an inch. The contacts between adjacent 
bands are gradational over one-eighth of an inch, the mineral grains inter- 
locking across them. The uniformity in the width of the bands and the 
regularity of their curvature in this rock are noteworthy. In Plate 3, 
figure 2, on the other hand, some of the bands coalesce in the middle of 
the boulder and then diverge again. The lamprophyric dike at the right 
cuts across the banding. 

The largest and most accessible area of banded structures, where the 
two photographs were taken, lies along both sides of the Fallbrook-Deluz 
road just at the crest of the grade down into Deluz Canyon. The rock 
is a noritic hornblende gabbro, composed of plagioclase and poikilitic 
green-brown hornblende, with only minor remnants of pyroxene and a 
little fibrous hornblende, chlorite, and iron ore. The plagioclase has the 
pronounced tabular habit characteristic of the norites and tends to be 
oriented roughly parallel to the banding. It is zoned, with an average 
composition of about An,;. There is no noteworthy difference in texture 
or in mineral composition between the dark and the light bands, but only 
in the relative proportions of the minerals present. The light bands are 
made up predominantly of feldspar; the hornblende is concentrated in 
the dark bands. The tendency of the green-brown hornblende, to stand 
out prominently on weathered surfaces, accentuates the banded character 


of the rock. 


Origin —There is a considerable literature regarding the origin of pri- 
mary banding in igneous rocks. The principal theories which have been 
proposed to explain such structures have been summarized by Grout 
(1918) and more recently by Daly (1933, p. 352-354). Primary band- 
ing is particularly common in gabbros or norites which are associated with 
monomineralic and ultramafic differentiates, or in the latter differentiates 
themselves; and many of the rocks exhibiting the banding are character- 
ized by highly calcic plagioclase feldspars. The contrasted light and 
dark bands consist of more or less complete segregations of the feldspathic 
and the mafic constituents. Well-known examples are found in the Duluth 
gabbro, the Bushveld complex, and the Scottish complexes of Skye, Mull, 
Ardnamurchan, and Rum. The cause of the banding is variously ascribed 
to such processes as successive intrusion, differential flowage in a heter- 
ogeneous magma, reactive crystallization with gravitative settling, spas- 
modic subsidence of the floor of the intrusive body, or to combinations 
of such processes. 

The banding of the San Marcos gabbro does not require so complicated 
an explanation as most of those that have been proposed, for the banding 
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is on a small scale and the actual differences in mineral composition 
between the bands are slight. As far as is known, the banding is limited 
to the hornblende gabbros and is determined by the distribution of the 
hornblende. In view of the prominence of calcic plagioclase in the banded 
rocks of the classical localities and its presence in many of the San Marcos 
rocks, it is noteworthy that none of the banded San Marcos rocks which 
were sampled by thin sections had feldspars more calcic than labradorite. 
In these rocks the anorthositic patches show no banding, and there are no 
ultramafic segregations of the pyroxenes or olivine. 

The detailed features of the banded San Marcos rocks point strongly to 
local flow movements at a late stage in the crystallization of the magma, 
as the cause of the structure. In the opinion of the writer the uniform 
width and regular sweeping curves of the bands are best explained as the 
result of movements in a viscous liquid. If a magma filled with growing 
plagioclase crystals were forced to flow differentially in a local area, 
the plagioclases might be strung out into thin parallel bands, such as the 
lighter bands, so as to allow the movement to take place mainly in the 
more-fluid intervening material. The crystallization of the remaining 
liquid, after the flowage ceased, would produce the darker bands with their 
high content of hornblende. The distribution of the hornblende indicates 
that the mineralizers were concentrated in the dark bands; hence, pre- 
sumably, they were more fluid. Even in this relatively fluid portion, pla- 
gioclase crystals must have been abundant, for there is little difference 
in the composition of this mineral in adjoining bands. Moreover, some 
of the plagioclase shows a fluxion structure similar to that described by 
Grout (1918, p. 446). The interstitial and poikilitic habits of the horn- 
blende indicate that it crystallized later than the plagioclase. Whatever 
pyroxene formed at an early stage was made over, for the most part, to 
hornblende, but the green-brown hornblende which is the predominant 
type in the banded rocks is the same that appears elsewhere to be primary. 

It is possible that a convectional circulation of the type postulated by 
Grout might provide a sufficient flow movement to produce this banding, 
but it seems more likely that the differential element of the movement 
was supplied by some external factor, such as a local obstruction or con- 
striction in the path of the flowing magma at the last stage of its emplace- 
ment. The flowage might be due to the same late readjustments that 
caused the auto-injection structures. 


NODULAR STRUCTURE 

Description—Another structure related both to the auto-injection 
structure and to the banded structure is that of the nodular norite, which 
outcrops over an area about 100 yards across, a short distance east of 
the Inland Highway at Vista Grande. On a smooth, fresh surface the 


a 
q 
i 
| 
| 
— 
| 
ioe 
| 


PRIMARY STRUCTURES 1225 


rock has a mottled appearance, due to small, closely spaced, oval patches 
of light color, set in a dark matrix (Pl. 4, fig. 1). The dark color of the 
matrix results from biotite and poikilitic hornblende which are not found 
in the light patches; and the matrix appears coarser in grain, because of 
the large visible cleavages of these minerals. As the light patches are more 
resistant to weathering than the dark interstitial material, they are left 
on the surface of weathered boulders as projecting nodules (PI. 4, fig. 2). 
Even after the disintegration of the boulders the nodules remain intact. 
The ground around the outcrops is strewn with their pebbie-like forms. 

The nodules range in mean dimension in different outcrops, from three- 
fourths of an inch to two inches, but in any one outcrop the size is nearly 
uniform. Most of the nodules are not spherical, but are ellipsoidal, ovoid, 
or less regular in shape. The shape appears to be controlled by the 
necessity of fitting together into a close packing, rather than by any tend- 
ency toward orientation of the long axes in one direction. Around the 
margins of the area the structure grades out into ordinary norite, by a 
decrease in the amount of matrix and a concentration of the matrix 
material into scattered irregular patches, or, from the opposite point of 
view, by a coalescence and increasing prominence of the nodular portions. 
At places in the transition zone, the lighter material forms elongated 
streaks, lenses, or bands in the dark matrix, instead of nodules, and the 
plagioclase plates show pronounced parallel orientation. At other places 
the relation of the less-abundant dark matrix to the lighter nodular phase 
is almost intrusive, and is distinctly suggestive of the auto-injection struc- 
ture. 

Thin sections were cut from several of the nodules and from the enclos- 
ing matrix, and portions of the same specimens were analyzed chemically 
by F. A. Gonyer. The results of these analyses and of precise Rosiwal 
determinations on the thin sections are presented in Table 2. 

Examination of the thin sections shows that the nodules have the 
mineral composition of an ordinary norite, plus a small and variable 
amount of interstitial quartz; the matrix that of a quartz-biotite-horn- 
blende gabbro. Thin section A, from the center of a large nodule, is made 
up almost entirely of plagioclase and hypersthene, in the texture charac- 
teristic of the norites. The plagioclase is tabular in habit, with moderate 
zoning. This section is essentially free from hornblende, quartz, and 
biotite. Other sections, such as B, which was cut entirely through a 
smaller nodule, carry a little interstitial quartz even to the center of the 
nodule, but are otherwise identical with section A. The sections show a 
nearly uniform grain size of a little less than a millimeter. The nodules 
contain no trace of a nucleus of foreign material and have no concentric 
or radial structure, except that a little more quartz and biotite appear 
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near the margins. No appreciable amount of hornblende is found outside 


the matrix. 
In the matrix, most of the pyroxene has been replaced by deep-green 
hornblende of the type common in the norites, and there is considerable 


Taste 2.—Analyses, norms, modes 


ANALYSES NORMS 
Nopvu.es Matrix Nopvu.es Matrix 
A B A B 
SiO: 56.92 56.60 54.70 Q 10.92 10.32 5.46 
TiOs .68 -72 Or 2.22 2.22 6.67 
Al:Os 18.08 18.22 18.66 Ab 24.63 24.63 24.10 
Fe:03 1.36 1.32 1.53 An 35.03 35.31 34.75 
FeO 6.29 6.30 6.29 Di 6.61 6.86 6.83 
MnO .08 .08 .09 Hy 16.99 17.02 18.19 
MgO 4.40 4.34 4.93 Mt 2.09 1.86 2.09 
CaO 8.72 8.78 8.70 Il 1.37 1.22 1.37 
Na:O 2.88 2.90 2.83 Py -12 12 -12 
H:0 -29 .29 .58 99.98 99.56 99.58 
P:0s -04 .05 Normative Pg Anss Anss Anss 
-06 .06 .05 Modal Pg Anss 
100.24 100.02 100.19 
MODES BY VOLUME PER CENT MODES BY WEIGHT PER CENT 
Nopvu.es Matrix Nopvu.es Matrix 
A B A B 
Plagioclase 72 62 62 67 57 58 
Quartz 0.2 7 7 0.2 7 7 
Biotite 0.6 0.6 5 0.7 0.6 6 
Hornblende 1.3 1.0 20 1.4 HF 22 
Pyroxene 24 27 5 28 31 6 
Iron ore 1.8 1.8 0.7 3 3° 1.3 
99.9 99.4 7 100.3 99.7 100.3 


quartz and biotite. Yet the general texture is the same as that of the 
nodules. The plagioclase is identical with that of the nodules, in habit 
and grain size, although it is slightly more sodic in composition. The 
quartz is late, filling interstices between the tabular feldspars. The bio- 
tite is irregular in shape and unevenly distributed. Such pyroxene grains 
as remain are fringed with marginal green reaction hornblende. Only the 
scattered large poikilitic hornblendes vary from the common grain size. 

In spite of these differences in mineral content, the chemical analyses 
of the nodules and matrix resemble each other to a surprising degree. The 
matrix is higher than the nodules, in alumina by 0.5 per cent, in ferric 
iron by 0.2 per cent, in magnesia by 0.5 per cent, in potash by 0.6 per 
cent, and in water by 0.3 per cent. The nodules are higher in silica by 
2.0 per cent. Except for the silica, the differences are hardly large enough 
to be significant. In view of its content of biotite and hornblende, it is 
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natural that the matrix should be higher in potash, ferric iron, and water. 
The lower silica content of the matrix must mean that its biotite and 
hornblende are to some extent deficient in silica. 

As the norm of analysis A shows as much free quartz as the norm of B, 
the material represented by analysis A presumably contained about as 
much quartz as that of B and so does not correspond to thin section A. 
The sample for this analysis must have included material from the outer 
portions of the large nodule, as well as from the quartz-free center which 
appears in the section. Thus the distribution of interstitial quartz in the 
nodules is uneven, and the average quartz content cannot be estimated 
accurately from a few determinations. However, the evidence of the 
analyses suggests that the average is nearer to the 7 per cent of mode B 
than to the 0.2 per cent of mode A. 


Origin.—The streaking and banding in the transition zone between the 
nodular rock and the ordinary norite indicate a close similarity between 
the nodular and the banded structures, as regards both time and manner 
of origin. The banded structure is considered to have originated in flow 
movements at the very close of the period of mobility of the magma, when 
the liquid contained abundant crystals of plagioclase as well as some 
pyroxene. If, instead of being strung out into long thin bands, the early- 
formed crystals tended to be aggregated around many closely spaced cen- 
ters, the nodular structure would be produced. Perhaps the same result 
might be attained, if crystallization in a stagnant magma began around 
many centers and effected an expulsion of the residual liquids. In those 
nodules which have no quartz at the center, the aggregation or expulsion 
would have to exclude nearly all the interstitial liquid. Where quartz 
and a little biotite are present, some interstitial liquid remained. This is 
true of the outer portions of the larger nodules and all through the smaller 
nodules. 

In the matrix, also, most of the plagioclase had crystallized before the 
completion of the aggregation, for its average composition is only slightly 
more sodic than that of the nodules. The residual liquid in the matrix 
was used up in the formation of hornblende, biotite, and quartz, any pre- 
existing pyroxene being largely reworked to hornblende. The marked 
similarity in the chemical composition of the nodules and the matrix 
shows that the chief chemical difference lay in the greater proportion of 
mineralizers in the latter. The mineralizers led to the formation of horn- 
blende and biotite, and this, in turn, released silica to form additional 
quartz. It appears that, in the nodular rock, hornblende-+-biotite+quartz 
is the approximate chemical equivalent of hypersthene+-plagioclase+-a 
little potash and water. 

The hypothesis, thus outlined, accounts for the mineralogical consti- 
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tution of the nodules and matrix, but it is difficult to explain the mechanics 
of the required aggregation or explusion. Was there some abnormal fea- 
ture, either in the character of the magma at this place, such as its vis- 
cosity or the distribution of mineralizers within it, or in the movement 
of the magma, such as an eddy or a stagnant mass, which led to the 
development of the unusual structure? No explanation on the basis of 
settling fragments, whether of solid norite or of a noritic crystal mesh, 
is permitted by the size-distribution of the nodules—all large in one out- 
crop and all small in an adjoining outcrop. These differences must be due 
to slight variations in the factors within the magma which controlled the 
growth of the nodules. The close, but irregular, packing of the nodules, 
which makes it impossible to pass planes between them for more than a 
few inches in any direction, is contradictory to the conception of the 
breaking of a crystal mesh and the infiltration of interstitial liquid to 
form the matrix. Yet the appearance of auto-injection structures in the 
transition zone around the nodular area indicates that the time and condi- 
tions under which the nodules were formed were not far removed from 
those that produced the injection structures. 


ORBICULAR STRUCTURE 

Description—tIn addition to the nodules just discussed, orbicules of 
olivine gabbro have been described by Schaller (1911) from the summit 
of Hiriart Hill, northeast of Pala, in this same quadrangle. These orbi- 
cules are distinguished from the nodules by their pronounced radial struc- 
ture. On Hiriart Hill the weathering of an orbicular phase of the gabbro 
left concretion-like balls upon the surface. No well-developed specimens 
were found in place, and none of the matrix material was left with the 
orbicules. The orbicules averaged 2 to 21% inches in diameter and had 
various distorted spherical shapes. 

Schaller very kindly provided the writer with two thin sections of 
the orbicules, and several of the orbicules themselves were lent for study 
by W. F. Foshag, of the United States National Museum. The present 
study has added little to Schaller’s original description, except that the 
composition of the plagioclase of the orbicules has been determined with 
index liquids as Anys. This is decidedly calcic, even for rocks of the 
olivine norite type to which the orbicules belong. 

The center of the orbicules consists of ordinary medium-grained olivine 
norite. The olivine is bordered by typical reaction rims of intergrown 
pale-green hornblende and spinel, with minor hypersthene. This core is 
surrounded by a zone of long, slender, radiating spindles of olivine and, 
to a lesser extent, of hypersthene, embedded in a peculiarly distorted 
plagioclase. Even here the olivine is fringed with narrow rims of the 
hornblende-spinel intergrowth. Both the twin lamellae and the cleavage 
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cracks of the plagioclase are bent around through considerable ares, and 
the grains are so distorted that no measurements of extinction angles are 
possible. The radiating structure continues to the periphery of the orbi- 
cules, but in the outer millimeter or two the olivine is brown with the 
products of ordinary weathering. The orbicules have no concentric struc- 
ture except the general distribution of the radiating spindles around the 
core. The nature of the matrix out of which the orbicules weathered is 
not known. It was probably an olivine norite or a hornblende-olivine 
gabbro, as these types outcrop nearby. 

Other orbicules in rocks which must belong to the San Marcos types 
occur at Dehesa, near San Diego. These orbicules are still more perfectly 
developed, with concentric as well as radial structures. They have been 
described in detail by Lawson (1904) and by Kessler and Hamilton 
(1904). 


Origin.—The orbicules from Hiriart Hill show the radial structure char- 
acteristic of a type of orbicular rocks of which there are numerous ex- 
amples. The literature on the subject of these rocks has been reviewed 
at length by Sederholm (1928, p. 47-83) and by Johanssen (1932, p. 248- 
259). In view of the lack of information regarding the matrix and the 
field relations of the Hiriart Hill specimens, it is not feasible to come to 
any conclusions as to their origin. This is regrettable because of the 
exceptionally calcic composition of their plagioclase. Schaller may add 
to the data now available in the course of further work in the Pala area. 

The core of the orbicules appears to be an ordinary olivine norite. 
The radiating growth of plagioclase and olivine which surrounds it is 
distinctly suggestive of the structure of spherulites. It is difficult to 
imagine any way in which the distorted plagioclase could have been 
sheared or strained mechanically to bring it to its present condition, for 
this would seem to require a shearing stress acting radially outward. Any 
stress acting inward, such as pressure applied to the whole system of 
closely packed orbicules, should have interfered with the delicate radiat- 
ing structure of the olivine. It may be that the olivine and plagioclase 
of the cores crystallized normally as nuclei and that the radiating olivine 
and plagioclase grew outward from these nuclei, with progressive changes 
in the crystallographic orientation of the plagioclase grains during growth. 


SUMMARY OF CONCLUSIONS 


The conclusions from the preceding discussion may be summed up in 
an outline of the last stages of the intrusion and solidification of the San 
Marcos rocks. Both the calcic magma and the norite magma must, at 
the time of their intrusion, have contained abundant mineralizers irregu- 
larly distributed. The parts of the magmas which were low in mineral- 
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izers crystallized to form troctolite and hornblende-free norite, respec- 
tively. Where mineralizers were present in small amounts, olivine norite 
with pale-green hornblende and ordinary norite with deep-green reaction 
hornblende were formed. The mineralizer-rich portions yielded calcic 
hornblende gabbros and noritic hornblende gabbros, in some of which 
early-formed olivine and pyroxene were reworked into reaction horn- 
blendes, and in others of which the crystallization was completed with 
primary green-brown hornblende. 

During its final emplacement, considerable portions of the norite magma 
were filled with tabular plagioclase crystals. Locally, the last move- 
ments of the magma involved a differential element which caused a string- 
ing out of the plagioclases into thin bands and which produced banded 
structures when the intervening mineralizer-rich portions crystallized into 
hornblende-rich bands. At one place, an unusual condition brought about 
the aggregation of the plagioclases into nodules instead of bands. The 
absence of banding in the calcic rocks may reflect an absence of crystals 
in the calcic magma during its period of mobility, and this is also indi- 
cated by the mosaic texture of the plagioclase in the hornblende-poor 
ealcic rocks. In the calcic magma, another unusual local condition led 
to a crystallization of the orbicular type. 

A renewed intrusive impulse, or a readjustment of the country after 
the main intrusion, disrupted the growing crystal mesh in certain areas 
and forced into it still-fluid portions of the magma from adjoining areas 
to produce the auto-injection structure. Minor segregations of residual 
liquid crystallized into pegmatitic aggregates of coarse green-brown 
hornblende and plagioclase, or were driven out along fractures to form 
lamprophyric dikes. After the main part of the rocks had solidified, fur- 
ther fracturing provided channelways along which the last mineralizer- 
rich residues penetrated. These solutions introduced hydrothermal fibrous 
hornblende and chlorite, together with a little calcite, epidote, and sul- 
phides, and completed the alteration of the olivine and pyroxene with 
which they came in contact. 
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ABSTRACT 


The present remnants of the Heart Mountain thrust sheet are in an area about 
36 miles north and south and about 24 miles east and west. The town of Cody, 
Wyoming, is located at about the middle of the eastern edge of the area. The largest 
remnant of the thrust is Sheep Mountain, and, although a detailed study of this 
remnant failed to disclose proof of the mechanics of thrusting or of the direction 
of movement of the thrust mass, it did uncover evidence indicating that the move- 
ment of the mass was to the northeast and that two small remnants near Sheep 
Mountain were placed in their present position as individual blocks, separated from 
the main mass of Sheep Mountain. The position of some previously unknown 
remnants of the thrust is described. Mechanics of thrusting are suggested that will 
permit the independent emplacement of the two rotated blocks near Sheep Moun- 
tain and also explain the great extent of the fault in the direction of its movement. 
A history of the region is given in outline form to indicate the age of the various 


earth movements. 
INTRODUCTION 


LOCATION 


The Sheep Mountain area is in Park County, Wyoming, about 30 
miles east of the east entrance to Yellowstone Park and about 12 miles 
west of the town of Cody. The area mapped is triangular, about 6 miles 
on a side, bounded on the north by the north fork and on the southeast 
by the south fork of the Shoshone River. These branches are hereafter 
called respectively the North Fork and the South Fork. Between these 
forks lies Sheep Mountain, a large table-like remnant of the Heart 
Mountain thrust mass. The western limit of the map area is irregular, 
being determined by the western limit of large fragments of the Heart 
Mountain thrust sheet. 


EARLIER GEOLOGICAL INVESTIGATIONS 


The Heart Mountain “over-thrust” was first recognized and described 
as such by C. L. Dake (1918). At an earlier date the anomalous position 
of the Paleozoic limestone of Heart Mountain, apparently resting on the 
Wasatch sandstone, was recognized by C. A. Fisher (1906, p. 37), and 
the suggestion was made that these relations might be the result of a 
circular fault that punched the Paleozoic limestone up through the 
Wasatch formation. 
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Slightly later, Granger and Sinclair (1911), while working on the 
Tertiary deposits of the Bighorn Basin, noted Paleozoic limestones on 
the McCullock Peaks. They considered the possibility of overthrusting 
but concluded that perhaps the best explanation of the limestones’ position 
was transportation by glacial ice. 

In 1920, D. F. Hewett (1920) published a paper on the thrust, con- 
tributing much valuable information regarding its age and the extent 
of its plate. 

Between 1920 and 1933 there were no contributions to the problem 
of the Heart Mountain thrust although the papers by both Dake and 
Hewett indicated that the nature of the thrust did not fit the character- 
istics of what might be called a “normal” overthrust. It was because 
of these features and because of certain similarities to the Ries Basin 
in Germany that W. H. Bucher (1933) suggested the possibility that the 
remnants of the Heart Mountain thrust were fragments left in their 
present position by the force of a large volcanic explosion. 

The peculiar features noted by Bucher (1933, p. 238) are listed as 
follows: 


1. Crustal deformation in the relatively simple, broad mountain-uplifts to the 
north, east, and south ... has produced only local overthrusting to the extent 
of a very few miles at most. Overthrusting to a distance of 28 miles (minimum 
estimated by Hewett) would seem to require a mountain-uplift of correspondingly 
larger proportions. But the area west of the Heart Mountain overthrust-sheets and 
east of Yellowstone Lake is not wide enough to conceal ...a mountain mass of 
dimensions much greater than those of the Beartooth Mountains. 

2. The folds . . . beneath Heart Mountain as well as the two large asymmetrical 
folds of Rattlesnake and Pat O’Hara Mountains and the folds farther south along 
the western border of the Bighorn Basin are steepened on the western side; that 
is, they indicate movement from the east to the west. . . . The thrust masses on the 
other hand . . . moved from west to east. This is a most abnormal relation. 

3. The west side of the overthrust limestone sheets abuts against and is over- 
lapped by the thick volcanic agglomerates which form such conspicuous cliffs in the 
Shoshone Valley. Below these farther west lie bedded tuffs and later intrusive 
igneous masses. Nowhere is there any sign of the upthrust-center which must have 
acted as the plunger which is needed to push the limestone-sheets far out to the east. 


Other peculiar features of the thrust that were not noted in Bucher’s 
paper are as follows: 

4. The exposed thrust remnants are composed only of the Bighorn, 
the Three Forks, and the Madison formations. As the total thickness 
is only about 1500 feet, it seems strange that these alone should make up 
a thrust mass having such great displacement. 

5. The area of the thrust remnants has about the same length normal 
to the direction of movement as parallel to it. Is this the original size 
of the thrust sheet or is it only what remains from the erosion of a more 
extensive thrust mass? 

6. Between the easternmost remnants of the thrust sheet and those 
farther west rises the long ridge of Rattlesnake Mountain. Did the 
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material of the thrust travel over this ridge, as suggested by Hewett (1920, 
p. 554), or has there been a major elevation of Rattlesnake Mountain 
since the thrusting? 
PURPOSE OF SURVEY 

The writer became interested in the problem of the Heart Mountain 
thrust, through R. T. Chamberlin, who with W. T. Thom, Jr., and W. H. 
Bucher, was in charge of the structural investigations undertaken by the 
Yellowstone-Beartooth-Bighorn project. Through detailed mapping of 
the Sheep Mountain remnant of the thrust mass, it was hoped that in- 
formation could be obtained that would indicate whether the mechanics 
of thrusting were of the conventional type, or whether there was evidence 
confirming the explosion theory suggested by Bucher. In addition to 
the mapping of Sheep Mountain, the writer planned to explore some of 
the surrounding unmapped areas, to determine if other thrust remnants 
would indicate more accurately the limits of the thrust plate. 


FIELD WORK AND ACKNOWLEDGMENTS 


The field work on which this report is based was done during the sum- 
mers of 1933 and 1934, under the auspices of the Yellowstone-Beartooth- 
Bighorn Research Association and under the direct supervision of R. T. 
Chamberlin and W. H. Bucher. The work was made possible by grants 
from the Geological Society of America, which the writer gratefully ac- 
knowledges. During the first summer’s field work the writer was ably 
assisted by Laurence Brundall and the following summer by Paul Netter- 
strom. 

The writer also wishes to express his great indebtedness to Professor 
Chamberlin and Professor Bucher for their many valuable suggestions 
both in the field and in the preparation of the manuscript. During the 
field work the writer had many illuminating discussions with the late 
Professor C. L. Dake, with Professor W. T. Thom, Jr., and with many 
other men working in the neighborhood of Sheep Mountain. It is im- 
possible to mention by name all those whose co-operation has been of 
assistance to the writer. Such a list would include the many people 
associated with the Yellowstone-Beartooth-Bighorn project and a good 
part of the population of Cody, Wyoming. 


PHYSIOGRAPHY 
REGIONAL 
The Sheep Mountain area lies on the east side of the Absaroka Moun- 
tains where the thick cover of Tertiary volcanics gives way to the sedi- 


ments of the foot-hills on the west side of the Bighorn Basin. The 
maximum regional relief is about 6500 feet. Trout Peak, about 12 miles 
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northwest of the area mapped, has an altitude of 12,259 feet, whereas 
that of the Shoshone Reservoir, bounding the east side of the Sheep 
Mountain area, is about 5380 feet. Figure 1 is a topographic sketch map 
of the region, giving the general setting of Sheep Mountain. The contour 
interval is 1000 feet. Larger features of the geology are shown by line 
patterns. 

The dam that holds back the waters of the Shoshone Reservoir is built 
in the narrow part of the Shoshone Canyon, a gorge, 1500 feet deep, cut 
through the southern tip of Rattlesnake Mountain, just below the junc- 
tion of the North and the South forks of the Shoshone River. 

Rattlesnake Mountain is a long ridge, extending from northwest to 
southeast, with its crest at an altitude of about 9000 feet. It has been 
mapped both topographically and geologically by G. D. Johnson (1934). 
The southern tip of the mountain, cut off from the rest of the ridge by 
the Shoshone Canyon, is called Cedar Mountain. 

South of Cedar Mountain, and between it and Carter Mountain, there 
is a wide low col whose floor is at an altitude of about 5700 feet, only a 
few hundred feet above the river in the Shoshone Canyon. There is no 
stream flowing through the col at the present time and no conclusive evi- 
dence that any major stream has ever flowed through it. Its low ele- 
vation seems to be the result of rather rapid slope wash and deflation in 
the soft shale between the mountains. One of the problems of the region 
is to determine why the Shoshone River cut a canyon through the hard 
rocks of the Rattlesnake uplift rather than through the soft rocks 3 
miles to the south. 

In general, the Absaroka Range, lying north, west, and south of Sheep 
Mountain, is a series of long, flat-topped volcanic ridges extending between 
the major valleys. The altitude of the top of the ridges is about 11,000 
feet, whereas that of the bottoms of the larger valleys ranges from 5500 
to 8000 feet. Where the streams have cut through the thick succession 
of voleanic rocks into the underlying sedimentary rocks, the valleys are 
box shaped, with very steep walls in the volcanics and rather flat floors 
developed in the sediments. Where the streams are entirely in the vol- 
canics the valleys are mostly V-shaped, although U-shaped valleys due 
to glaciation are present. An excellent description and interpretation of 
the topography near the head of the South Fork Valley has been pub- 
lished by J. T. Rouse (1934). 


PHYSIOGRAPHY OF SHEEP MOUNTAIN 

Sheep Mountain itself is a plateau, bounded on the north, the east, and 
the southeast by nearly vertical cliffs. The southeastern rim is the 
highest, rising to an altitude of 7800 feet. The northern edge of the 
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plateau is practically level, with an average altitude of 6800 feet. Plate 
2, figure 1, is a view of the north-facing cliffs of Sheep Mountain. 

At the foot of these bordering cliffs, there is a narrow shelf, from 50 
to 300 feet wide, which drops away on the outer side into a steep-slumped 


Ficure 2.— Topography of the Sheep Mountain area 


slope of Cretaceous shale. This slope descends to the rather flat area 
that is immediately adjacent to the rivers. Aligned with the southeastern 
face of the plateau and extending beyond it to the northeast, there is a 
low hogback ridge formed by the resistant beds of the Frontier formation. 
This ridge parallels the South Fork Valley. 

The western edge of the Sheep Mountain plateau is not well defined, 
as it is overlapped by the eastern edge of the Absaroka volcanic ac- 
cumulations that make up the mountains to the west. A partial division 
between the plateau and the volcanics has been made by two streams that 
have cut in at the western edge of the plateau. These streams are Post 
Creek, tributary to the North Fork, and Bear Creek, tributary to the 
South Fork. They have established a col between Sheep Mountain and 
the voleanic highland to the west, known as Table Mountain. 
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The top of Sheep Mountain, as can be seen from the elevation of the 
rim, slopes to the north at an angle of about six degrees. It is open roll- 
ing country with a relief of about 300 feet. The valleys are close together 
so that a section perpendicular to the drainage would show a series of 
rounded valleys and ridges, the valleys having a greater radius of curva- 
ture than the ridges. Plate 2, figure 2, illustrates this topography. The 
valleys over most of the plateau trend northward, merging and becoming 
more canyon-like until, at the north rim of the plateau, they are in three 
deep canyons that lie within three quarters of a mile of each other (PI. 2, 
fig. 3). Within a mile from the edge of the plateau, the streams from 
these canyons join to form a single stream. Because of the arid climate 
the valleys on the plateau carry water only while the snow is melting or 
after a very heavy rain. There are two intermittent springs on top of 
the plateau at the contact between the limestone and the overlying vol- 
canics, but the water from them evaporates after flowing only a short 
distance. 

STRATIGRAPHY 
GENERAL STATEMENT 


Because there are only slight differences between the Sheep Mountain 
section and the better-exposed Rattlesnake Mountain section, only a brief 
description of the formations will be given in this paper. For more com- 
plete stratigraphic descriptions the reader is referred to papers by John- 
son (1934), Hewett (1912), Tomlinson (1917), Darton (1906a, 1906b), 
Blackwelder (1918), and Lovering (1929). 

A comparison between the section in the Sheep Mountain area and that 
exposed on Rattlesnake Mountain is made in Table 1. The thicknesses 
in the Rattlesnake Mountain section are taken from Johnson’s paper 
(1934). Those in the Sheep Mountain section were measured by the 
writer, but, because of obscured contacts due to slumping, some of them 
are probably not accurate. Measurements of the Mesozoic formations 
were made on one flank of the South Fork anticline, where thinning dur- 
ing folding has probably reduced the thickness of the soft formations. 


BIGHORN DOLOMITE 


The oldest formation in the Sheep Mountain area is the Ordovician 
Bighorn dolomite. Throughout most of the formation the bedding is 
massive and the dolomite has a buff color, but in the upper half of the 
formation there occur two rather thin beds of a white chalky dolomite. 
These beds are persistent and are useful as horizon markers. Within 
the map area the Bighorn formation is found only in the thrust sheet. It 
rests on the Cretaceous Cody shale and the Eocene Wasatch formation, 
and is overlain by the Devonian Three Forks shale. 
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TaBLE 1—Comparative thickness of formations in the Rattlesnake and Sheep 
Mountain regions 


RATTLESNAKE Mountain SECTION Mountain SEcTION 
TIME Feet Feet 
Miocene Breccia Breccia 
Eocene Wasatch (east of Cody) = Wasatch 0-? (900) 
Ft. Union 
(unconformity) (unconformity) 
Cretaceous Lance 1800 
Meeteetsee 900 
Mesaverde 1200 
Cody 1800 Cody 0-? (800) 
Frontier 495 Frontier 500 
Mowry 375 Mowry — 
Thermopolis 650 Thermopolis 600 
Cloverly (Greybull Cloverly 
member) 110 (Greybull member) 280 
Jurassic Morrison 620 Morrison 300 
Sundance 493 Sundance (base not exposed) 
Permian Embar 210 ° 
Pennsylvanian Tensleep 180 
Amsden 172 
Mississippian Madison 900 Madison (top eroded away) 
Max. 800 
Devonian Jefferson 180 
Three Forks Three Forks 200 
Ordovician Bighorn 450 Bighorn (base not exposed) 
about 400 
Gros Ventre 573 
Flathead 145 
Pre-Cambrian Granite ? 


*In the Sheep Mountain section the portion between the dotted lines is in the thrust sheet and rests 
on the Frontier, the Cody, and the Wasatch formations. 


THREE FORKS SHALE 


It is in the character of the Devonian formation that there is the 
greatest difference between the Rattlesnake section and the Sheep Moun- 
tain section. The Devonian of Rattlesnake Mountain, as described by 
Johnson (1934), consists of a group of soft orange-buff limestones and 
yellow-green shales which he correlates in part with the Three Forks and 
in part with the Jefferson formation. In the Sheep Mountain region the 
Devonian exposed in the thrust block consists of several beds of a buff 
lime breccia that weathers on the surface in a network of fine lines. In 
general, these beds underlie a bed of black and purple shale, but the con- 
tact between the two types of rock is not sharp, there being an inter- 
bedding of the lime breccia and the purple shale. The thickest of the 
beds of the lime breccia commonly stands out as a cliff about 20 feet high. 
No fossils were found in either type of rock. 

The Devonian formation of Sheep Mountain is tentatively correlated 
with the Three Forks formation, on the basis of a lithologic similarity 
with the section described by Lovering in the Cooke City region, about 
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50 miles northwest. His description of the Three Forks formation is as 
follows (Lovering, 1929, p. 28): 


_ “About ten feet of purple shale and shaly limestone overlie this bed. The rocks 
just described seldom crop out, commonly weathering back in smooth slopes. In 
contrast to these rocks the massive light brown sandy limestone about 35 feet above 
the base of the Three Forks stands out nearly everywhere as a low cliff 15 to 20 
feet high. The weathering of this bed is distinctive as its surface, becomes smoothly 
granular or knobby and is crossed by innumerable fine lines at various angles. It 
underlies about 50 feet of bright red and green fissile shale and thin bedded purple 
limestone.” 

In view of the pronounced difference between the Devonian rocks in 
the thrust sheet and those in the underlying section, it is possible that 
further studies of the conditions of deposition of rocks of this age may 
afford a clue to the place from which the thrust mass has been moved 


and thus may assist in solving some of the puzzling structural problems. 


MADISON LIMESTONE 


Overlying the Devonian formation with apparent conformity is the 
Mississippian Madison limestone. This is the uppermost formation in 
the Sheep Mountain thrust block. Because of its resistance to erosion, 
it forms the steep cliffs that border the thrust-block plateau. The greatest 
thickness is about 800 feet, and, as at this place residual pebbles of the 
next younger, the Amsden, formation are found on the surface of the 
ground, it is probable that this figure represents approximately the full 
thickness of the Madison. The formation is bedded, most of the beds 
being from one to ten feet thick, although some are thinner. Frag- 
mentary fossils are abundant throughout the formation. The limestone 
is normally cream-colored, but some portions are stained a deep red. 

The formations found in the Rattlesnake region between the Madison 
limestone and the Jurassic Sundance formation do not outcrop in the 
Sheep Mountain area. These are: Amsden (Mississippian), Tensleep 
(Pennsylvanian), Embar (Permian), and Chugwater (Triassic). If they 
ever were present in the upper thrust block, they have been completely 
removed from it by erosion, and, as yet, erosion has not cut into the lower 
block deeper than the Sundance formation. 


SUNDANCE FORMATION 


The Jurassic Sundance is the oldest formation exposed below the thrust 
plate in the Sheep Mountain area. Only its upper part is exposed, con- 
sisting of a massive sandstone and about 150 feet of greenish shales con- 
taining Belemnites and Gryphaea. Outcrops are poor, as the shale slumps 
considerably. 


MORRISON FORMATION 


The Morrison formation, lying conformably above the sandstone mem- 
ber of the Sundance, consists entirely of variegated shales with conspicu- 
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Ficure 1. NortTH-FACING CLIFFS OF SHEEP MOUNTAIN 


Ficure 3. CANYONS IN THE NORTH CLIFF OF SHEEP MouNTAIN 


SHEEP MOUNTAIN PLATEAU 
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Ficure 2. ABNORMAL CONTACT RELATION, WITH THE BRECCIA UNDERLYING THE LIMESTONE 


CONTACTS OF THE BRECCIA WITH THE LIMESTONE 
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ous sandstone lenses. As mapped, this formation probably includes the 
Fuson shale, for the conglomerate of the Lakota is missing in the area. 


CLOVERLY FORMATION 


With the Lakota missing and the consequent mapping of the Fuson 
with the Morrison, the only beds left to map as Cloverly are the upper 
platy sandstones of the Greybull member. This sandstone is persistent 
and consequently has been mapped under the term Cloverly. 


THERMOPOLIS SHALE 


Above the Greybull member of the Cloverly is a black shale which in 
this area does not show the sandstone members characteristic of the 
Thermopolis in adjoining areas. The muddy sandstone which is about 
20 feet thick in the Rattlesnake section is completely absent in the Sheep 
Mountain area. Because of slumping in the soft shale of the Thermopolis 
formation, which in some places reaches the magnitude of mud flows, the 
thickness of the formation could not be determined. Consequently, in 
the table, it is combined with the overlying Mowry formation. 


MOWRY SHALE 


Above the Thermopolis formation is a very hard sandy shale that 
weathers into blocky fragments. Throughout this formation there are 
abundant fish-scale impressions along the shaly parting planes. 


FRONTIER FORMATION 
Above the Mowry shale there is a formation that consists dominantly 
of sandstone. In good exposures, however, it is seen that there are actu- 
ally two sandstone members, separated by a thin bed of gray shale. There 
is also a thin coal seam and a bed of a white clay that may be an altered 
volcanic ash. The sandstones, because of their massiveness, usually form 
cliffs on the hillside or, if tilted, form hogbacks. 
CODY SHALE 
Above the Frontier formation a thick series of gray, poorly bedded 
shales constitutes the Cody formation. Bedding in this shale is so poor 
that, except where concretions are found, it is almost impossible to deter- 
mine the attitude of the formation. Where exposed below the capping 
thrust plate it has slumped so much that dip measurements are unreliable. 
The formation is rather fossiliferous at several horizons. 


WASATCH FORMATION 

Overlying the Cody shale with an angular unconformity that in some 
places amounts to 10 degrees is the Wasatch formation of red shale and 
buff sandstone. Near the southern corner of the area, on the flank of the 
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South Fork “anticline,” the Wasatch was deposited across the eroded 
flank of the anticline and rests on the Frontier sandstone. Throughout 
most of the region the Wasatch is flat-lying, but locally it is tilted as 
much as 90 degrees. 

VOLCANIC ROCKS 

Covering most of the western edge of the area and lapping over on to 
the plateau formed by the thrust plate is a thick series of volcanic rocks. 
The age of these rocks has not been definitely determined. On the basis 
of stratigraphic evidence it appears that they were extruded after a short 
period of intense erosion, the valleys of this erosion stage being cut into 
a surface of low relief that truncates both the Heart Mountain thrust 
sheet and many of the formations on which it rests. The youngest forma- 
tion underlying the thrust sheet is the Wasatch of the Bighorn Basin. 
Beds of this formation that underlie the thrust fragments on the Mc- 
Cullock Peaks have been correlated with the Bridger formation (Hewett, 
1920, p. 553). Thus, the voleanic rocks must be younger than Bridger, 
but how much younger must be stated in terms of erosion cycles and 
thrust faults which cannot be dated accurately. The volcanics consist 
of breccias and flows, the flows normally basaltic. Certain features of 
the breccias in the Sheep Mountain area have not been described from 
other areas, and, as they indicate to some extent the character of the 
breccia at the time of extrusion, space will be taken for a brief descrip- 
tion. For a more detailed description of the volcanics of the Absaroka 
region the reader is referred to papers by Iddings (1899) and Rouse 
(1935 and 1937). 

In a consideration of the structure of the Trout Creek area, Sheets 
(1935) notes four kinds of breccias, differentiated on the basis of the mode 
of deposition. These are: (1) A water-deposited agglomerate; (2) a 
mud-flow breccia; (3) dry ash and bomb accumulations; (4) an originally 
semi-liquid flow breccia. All these types of breccia are illustrated in the 
Sheep Mountain area, although there is very little that could be classed 
as the ash and bomb accumulation. 

Plate 3, figure 1, illustrates what seems to be the normal contact rela- 
tion between the flow breccia and the limestone of the thrust block. The 
surface of the limestone is covered with a thin coating of volcanic mate- 
rial but little, if any, change was observed in the limestone itself. Stria- 
tions visible in the surface smear were probably made by solid inclusions 
in the breccia. Plate 3, figure 2, shows an abnormal contact relation. 
The upper rock is the Madison limestone; the lower is the breccia. At 
the contact the limestone has been slightly recrystallized and has been 
permeated for several inches by a hematite stain. At the contact the 
entire rock is stained, but beyond half an inch the stain penetrates only 
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as minute veinlets. In the breccia there is a zone, about a quarter of an 
inch wide, in which there are few fragments and where the rock is harder 
than the rest of the breccia. This seems to represent a chilled phase of 
the fluid portion of the breccia. It is found only where the breccia directly 
underlies the limestone. The writer suggests that the breccia flowed 
under a projecting ledge of the limestone and, due to greater confinement 
of the heat present in the breccia, the metamorphic effects were greater 
than in places where the heat was more free to escape. Another possi- 
bility, although in the writer’s opinion not very probable, is that one of 
the vents for the extrusion of the breccia rose to the base of the limestone 
and then spread laterally until it could break through to the surface. 
Under these conditions an exceptional contact effect would be expected 
both in the limestone and in the breccia. 

At one place, an inclusion in the breccia has been deformed by the flow 
of the molten rock. The bending of the inclusion indicates a rather high 
viscosity of the lava, and the formation of small garnets in the inclusion 
indicates that there was some thermal metamorphism. It is probable 
that the inclusion is of the Wasatch sandstone, because at another place 
where the Wasatch is overlain by the breccia there is a similar contact 
phase, with the formation of small garnets. 

At another place there is a rolling surface in the breccia which seems 
to be the result of turbulent flow between two highly viscous layers in the 
moving mass. Most of the fragments on this surface have “tails” that 
may be the result of being dragged by the viscous matrix. 

In view of the recent work by Perret (1935) on the characteristics of 
the nuée ardente of Mt. Pelee in particular with regard to the erosive 
effects of these ash floods on the underlying rock, it will be well to con- 
sider whether these could have been important in the deposition of the 
breccia. Many of the phenomena noted at the contact between the 
breccia and the limestone might well be explained by these “burning 
clouds.” In Plate 3, figure 1, the striations on the limestone are very 
similar to those figured by Perret on the rocks underlying the nuée 
ardente, and in the same plate (fig. 2) the zone of hard volcanic rock in 
contact with the limestone might well be a fused ash. In opposition to 
the suggestion of the nuée ardente is the fact that all known examples of 
these phenomena are in magmas of an acid nature while the breccias are 
basic. Another objection is that in many parts of the breccia the frag- 
ments are of such diverse nature that they could not have come from the 
same magma, as is required by Perret’s explanation of the formation of 
the nuée ardente. The detail work necessary to confirm or deny this sug- 
gestion is beyond the scope of this paper. 

From the evidence presented it may be said with fair certainty that 
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at least a considerable portion of the breccia was extruded as a very 
viscous flow and that it carried solid inclusions. It is probable, in view 
of the slight metamorphic changes at the contact with the limestone, 
that the temperature of the lava was rather low. 


STRUCTURE 
GENERAL RELATIONS 


The area mapped is in a region characterized by asymmetrical anti- 
clines and by thrust faults of relatively small displacement. The larger 
masses, the Bighorn and the Beartooth Mountains, are almost everywhere 
bounded on one side by a monocline that may, or may not, show faulting 
and on the other side by a thrust fault. Smaller mountain masses, such 
as the Pryor Mountains and Rattlesnake Mountain, are bounded on one 
side by a nearly vertical fault over which the sediments are draped, and 
on the other side descend into the Bighorn Basin with a gentle dip slope. 
On the steep side of the Pryor uplift there is the beginning of thrust fault- 
ing (Bucher, Chamberlin, and Thom, 1933, p. 683), and on the steep side 
of the Rattlesnake Mountain uplift the sediments are slightly overturned 
(Johnson, 1934, p. 826). Around the margin of the Bighorn Basin are 
numerous asymmetrical anticlines, most of which, on the west side of the 
basin, have their gentle side toward the east. It is quite probable that 
these are features similar in origin to Rattlesnake Mountain but in which 
deformation has not progressed so far, and in which erosion has not ex- 
posed the underlying fault (Bucher, Chamberlin, and Thom, 1933, p. 683). 

Thrust faulting in the Bighorn Basin is limited to displacements of 
only a few miles; therefore, the Heart Mountain thrust, with a minimum 
displacement of 30 miles and, if the writer’s interpretation of its origin 
is correct, a probable displacement of 50 miles, seems to indicate that the 
forces involved were of a different character. 

The writer’s conclusion is the same as that expressed by G. D. Johnson 
(1934, p. 832)—namely, that the Heart Mountain thrust is the most 
easterly representative of the great zone of overthrusts that extends from 
southwestern Wyoming to northern Alberta. If the root of the Heart 
Mountain thrust is where the writer suggests, it is only 80 miles east of 
the line of the Darby fault near the Wyoming-Idaho boundary. This 
spread, occurring as it does at a pronounced bend in the broad zone of 
overthrust faulting, is too small to exclude the Heart Mountain thrust 
from this zone. ; 

Remnants of the Heart Mountain thrust sheet lie in an area about 30 
miles square, of which the Shoshone Canyon, west of Cody, is approxi- 
mately the center. This location has been described and figured by 
Hewett (1920, p. 539). The position of two additional blocks not known 
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to Hewett has been described by Jo’ -son (1934, p. 832). Field explora- 
tion by the writer has disclosed 0 ... small limestone blocks which the 
writer believes to be thrust remnants, although their small size does not 
definitely preclude the possibility of transportation by some agency other 
than thrusting. The significance of these fragments will be discussed 
later. 

The greatest known thickness of the rocks in the thrust mass is in 
Sheep Mountain where the three formations, the Bighorn, the Three 
Forks, and the Madison, have a combined thickness of 1400 feet. At 
the highest point on Sheep Mountain, and for some distance down the 
north slope from it, there is a thin wash of residual pebbles of red mottled 
limestone, white quartzite, and banded jasper. Probably these were 
eroded from the Amsden formation, which normally overlies the Madison, 
although at present there is no Amsden in place in the thrust block. It 
was not possible to determine whether this postulated erosion took place 
before or after the block was placed in its present position. 

Similar pebbles are found associated with the thrust mass on the Mc- 
Cullock Peaks. Here the fragments of the Amsden are as much as a 
foot in diameter, and some of the quartzite boulders seem more like the 
quartzites of the next younger, Tensleep, formation. These two expo- 
sures afford the only evidence that formations other than the three ex- 
posed in Sheep Mountain may have been involved in the thrusting, and, 
because the date of the erosion that developed the pebbles could not be 
determined, the evidence is not conclusive. 


STRUCTURE OF SHEEP MOUNTAIN 
The fragment of the thrust sheet that forms Sheep Mountain is a rela- 
tively undistorted plate of the three formations already noted. At no 
place is the base visible, but as there are 400 feet of the Bighorn forma- 
tion exposed in the cliffs above the talus, and as outcrops of the under- 
lying Cretaceous formations occur only a short distance below the top of 
the talus, it is evident that the plane of thrusting is about at the base of 
the Bighorn formation. In the northern part of the thrust block the sed- 
iments are essentially horizontal, but in the southeastern portion the 
thrust strata dip northeast at an angle of about 14 degrees. The dip of 
the strata is presumably parallel to the fault plane, and the attitude of 
both is apparently the result of a post-thrust movement of which there 
is evidence in the South Fork “anticline”. Evidence will be presented 
later to show that this “anticline” was not the product of a single orogenic 
movement, but that the forces making it were active at widely separated 
intervals of geologic time. 
Although, as a whole, the thrust block on Sheep Mountain is rather 
simple in structure, it includes a few minor structures that merit descrip- 
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tion. These may be classified as low-angle faults, high-angle faults, folds, 
and shear fractures. In the main block there is only one low-angle fault. 
This is on the east-bordering cliff and is entirely within the Madison 
formation; consequently, its displacement could not be determined. The 
dip of the fault plane at a place where measurement was possible is 
N 55° W at an angle of about 43 degrees. In general, the dip is somewhat 
less, but, because the fault outcrops on the face of a cliff, it could not be 
measured in a more representative place. A sight reading taken from a 
point considerably below the outcrop of the fault gave a dip angle of 
87 degrees. Good striations parallel to the dip of the fault plane are 
visible at all places where the plane is accessible. The fault plane itself 
and all open crevices below it, for a distance of several feet, are filled 
with a gray clay that contains numerous pebbles of the red mottled lime- 
stone, the white quartzite, and the banded jasper characteristic of the 
Amsden formation. As no pebbles are fractured, it is reasonably certain 
that they were introduced into the open spaces along the fault plane after 
all movement on the slip had ceased. The dip of the fault plane, and also 
the direction of the striations on it, do not correspond with the direction 
which the writer postulates for the movement of the main thrust mass. 
They are, however, normal to the axis of the South Fork “anticline”. 
The writer interprets this minor fault as a plane of adjustment within 
the main thrust block during a post-thrust movement on the South Fork 
structure. If this interpretation of the fault is correct, it indicates that 
the Amsden formation was present in the thrust mass, as the large pro- 
portion of Amsden pebbles indicates local origin, and the absence of 
crushing and the lack of striations on the pebbles show that they were 
placed there after the thrust mass reached its present position. Because 
the trace of the fault is short and because there is no mappable strati- 
graphic offset, this fault is not shown on the geologic map. 

Another set of low-angle faults is found in one of the discordant blocks 
in Bear Creek, just west of the southern corner of Sheep Mountain. The 
direction of movement on this fault cannot be determined, as the direction 
of the dip of the fault plane and of the striations parallel to this dip 
does not correspond to the offset of the Devonian formation caused by the 
fault. There has apparently been a tilting of the entire block after it 
was sliced, and later settling down the resulting dip of the fault plane 
has developed striations that have completely obliterated any previous 
ones. Fractured quartzite pebbles are abundant in the talus below the 
block, but no evidence was found to indicate that they came from the 
fault under discussion. It is much more probable that they came from 
the major thrust plane, which lies a short distance below the top of the 
talus. 
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In the Sheep Mountain thrust block, high-angle faults are not common, 
and they do not seem to have any significant bearing on the problems of 
the thrust. Their abundance in another thrust remnant, across the North 
Fork, however, makes it advisable to give a brief description of those in 
Sheep Mountain. One group of these faults is found at the northeast 
corner of Sheep Mountain, at the junction of the flat-lying beds of the 
northern portion of the block and the tilted beds of the southeastern 
portion. There are four faults in this group, their presence indicated by 
the offset of the Devonian formation on the opposite sides of gullies which 
follow the fault planes. These gullies are only slightly less steep than the 
almost-vertical cliffs bordering the thrust remnant; therefore, the fault 
planes that they follow must have high angles. At no place on any of 
these four faults, however, was an actual measurement of the angle of 
the fault possible. The writer believes that these faults were caused by 
the adjustment of the rather rigid fault block to the post-thrust move- 
ment observed in the South Fork “anticline”. 

Two other faults are found on the north side of the thrust block. One 
is in the easternmost of the canyons that drain the plateau. The east 
side has dropped about 20 feet. The other, a little to the west, has a 
throw of about 25 feet, the eastern side likewise being downdropped. 

With the exception of the tilting of the thrust sheet adjacent to the 
South Fork structure, folding in the thrust block is entirely confined to 
the western edge of the limestone mass. Looking toward Sheep Moun- 
tain from the South Fork side the limestone of the thrust mass appears 
to be flat-lying, because the view is normal to the strike. Actually, the dip 
is about 14 degrees away from the observer. At the left side, viewed from 
this position, the strata seem to be bent rather sharply downward. The 
dip at this place is about west-southwest at an angle of about 24 degrees. 
It was not possible to determine definitely whether the thrust plane was 
bent with the strata or whether it cuts across the fold. The impression 
gained, both from a distance and from close up, is that the fault plane 
cuts across the fold, but the only direct evidence is an outcrop of the 
Wasatch so close beneath the Madison that there is not room for the 
Three Forks and the Bighorn between them. The field relations are 
such, however, that it is possible that the Wasatch was squeezed up into 
a wide crack in the thrust block. Though the evidence is not conclusive, 
the writer believes that the fault plane cuts across the fold. 

On the North Fork side of Sheep Mountain the beds are actually hori- 
zontal except at the western end. Here, again, the strata make an abrupt 
bend downward, dipping in some places as much as 10 degrees to the 
southwest. This downward bend at the western edge of the North Fork 
cliff is directly in line with that at the western edge of the cliff on the 
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South Fork side, although the bending cannot be traced from one place 
to the other because of an intervening cover of the Tertiary volecnics. 
Again it is impossible to determine with certainty whether the fault cuts 
across the fold, but here also the weight of evidence seems to indicate 
that it does. 

The origin of the folding at the western edge of the Sheep Mountain 
block is not known. The folding does not extend into the sediments 
below the thrust, so it must have been formed before or during the thrust 
movement. Its northwest-southeast strike is uniform except where it has 
been affected by the later folding of the South Fork structure. As this 
strike is that of the larger regional structures, it seems to indicate that, 
if it were formed prior to thrusting, the Sheep Mountain block was moved 
from its original position to its present position, without any rotational 
movement. If the fold was formed during the thrust movement, it would 
indicate a movement of the thrust mass to the northeast or to the south- 
west. As will be shown later, movement to the southwest is not possible, 
in view of the geology of the surrounding areas. 

In the cliff of Madison limestone on both the North Fork and the South 
Fork sides, one very thick bed shows a fracture system that may have 
considerable bearing on the direction of movement of the fault. Through- 
out the cliffs, this bed is fractured with a set of joints dipping about 50 to 
60 degrees to the northeast. There is no evidence of movement on these 
joints and no interruption of the continuity of the bed as viewed from 
a distance. The position of the fractures would indicate that there had 
been a tendency for the upper beds to move to the northeast with respect 
to the lower beds, setting up a shearing stress in the thick bed that was 
relieved by these joints. If this interpretation of the origin of the frac- 
tures is correct, it would indicate that the thrust block itself moved to 
the northeast. 

DISCORDANT BLOCKS 

At the western edge of the Sheep Mountain thrust mass, and in most 
places embedded in the volcanic materials, there are many isolated 
blocks of the Heart Mountain thrust sheet. Most of the blocks seem to 
lie, if not directly upon the Wasatch, at least not far from the contact 
between the Wasatch and the breccia. Some of the blocks are certainly 
resting directly upon the Wasatch, and others just as surely are within 
the breccia a short distance above the contact. In most exposures, how- 
ever, the breccia hides the base of the block, so that its relations to the 
Wasatch cannot be observed. 

Plate 4, figure 1, illustrates the appearance of some of the blocks in 
Post Creek, west of the northwest corner of Sheep Mountain. One of the 
most noteworthy features of the blocks is apparent; namely, that there 
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Ficure 3.—Sketch map of the discordant blocks in Post Creek 

Numbers refer to individual blocks listed in Table 1. 
is no relation between the attitude of one block and that of its neighbor. 
It is not at all uncommon to find one vertical block and, a short distance 
away along the direction of its strike, to find another, also having vertical 
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bedding but with its strike in a totally different direction, in some places 
at right angles to that of the first one. Also, there seems to be no relation 
between the attitude of any of the isolated blocks and that of the adjacent 
Sheep Mountain thrust mass. Southwest of the upper part of Bear Creek 
there are two large masses of the limestone that are folded in a manner 
suggestive of the fold along the western edge of the major block, but if 
they are part of the same fold, their present position, out of the line of the 
fold, is entirely unexplained. The position of these large blocks aroused 
speculation regarding the possibility of transportation of overthrust 
blocks as completely disconnected units rather than as a continuous sheet. 
Figure 3 is a sketch map of the positions of the discordant blocks on Post 
Creek. Table 2 gives in detail the dips on certain of these blocks. 


Taste 2—Dip readings on several of the Post Creek discordant blocks 


Brock No. Dip 
1 N 25° W 52° E 
N 80° E 60° N 

2 N 10° W 18° W 
3 N 40° W °E 

4 ass of fragmental mate 

5 E-W 50° S 
6 N 10° W 57° W 

N 40° E 70° E 

N 65° E 52° N 

N 15° W 60° W 

7 N-S 5° E 
N 45° E 40° SE 

N 20° W 36° W 

8 N 30° E 65° W 
9 N 15° W 70° W 
10 N 80° W 20° N 

N 80° W 29° S 
11 E-W Vertical 


As indicated by the difference in the strike of different parts of the same 
block, many of the outcrops mapped as blocks are really aggregations of 
variously oriented fragments of considerably smaller size. 

Any theory explaining the position of these discordant blocks must be 
highly speculative, as the breccia masks whatever relation there may be 
between the attitude of the blocks and the structure of the underlying 
Wasatch. Several significant facts, however, were noted. A limestone 
block is usually found with an outcrop of Wasatch in the immediate 
vicinity, and, in general, the limestone blocks seem to be associated with 
the higher portions of the pre-breccia topography, as it was developed in 
the Wasatch formation. Also, where the Wasatch is exposed at the eleva- 
tion of the base of the blocks, it is, as a rule, highly distorted; whereas 
at a much lower elevation along the larger stream valleys the beds are 
either flat-lying or are only slightly contorted. This indicates that the 
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forces which distorted the top of the Wasatch were surficial, and, as these 
were probably the ones which moved the limestone blocks, that they were 
multi-directional. Because of this diversity of direction of application 
of the deforming forces the drag on the fault plane cannot be considered 
as a likely explanation. 

In an analysis of similar blocks to the west of the Logan Mountain 
thrust sheet, across the North Fork, Sheets (1935, p. 150) has reached the 
same conclusion—that the force, or forces, which caused the random 
orientation of the blocks must have been multi-directional. He has sug- 
gested that the blocks acquired their present position as a result of forces 
connected with the extrusion of the breccia. That such forces affected 
the tilting of the blocks seems certain, but that they could break up a 
relatively massive thrust sheet seems less likely. It seems more likely 
that at the time the breccias were extruded the western edge of the thrust 
sheet, which is the present line of the discordant blocks, was an area 
of steep hills of Wasatch formation capped by remnants of the limestone 
thrust mass. This hypothesis is in harmony with the relation noted be- 
tween the limestone blocks and the high outcrops of the Wasatch. In 
adjacent areas there is evidence of a short period of vigorous erosion just 
preceding the extrusion of the breccia, because, where the breccia overlies 
the soft Wasatch formation, there are commonly steep valleys in the 
Wasatch, as much as 800 feet deep, that are filled with the breccia; 
whereas, in places where the breccia overlies a thrust block, there are 
no canyons. The evidence seems to point to limestone-capped hills. Also, 
limestone blocks, slumped down the sides of these hills, would further add 
to the confusion of dips when the region was later covered by the breccia. 

Certain relations on the east side of the valley of Breteche Creek, west 

_of the Sheep Mountain thrust mass, indicate that the breccia flow af- 
fected movement of the limestone blocks. Here, a block of the Madison 
limestone, having almost vertical bedding and an east-west strike, is 
entirely surrounded by the breccia. On all sides except the south, the 
limestone has the thin coating of breccia commonly found at the contact 
between the two rocks. On the south side, however, there is a zone, about 
2 feet wide and parallel to the bedding, in which the limestone is intensely 
sheared, obviously by tectonic forces. The shear zone does not extend 
into the breccia. About 100 yards south of this block, erosion has cut 
through the breccias, exposing the Wasatch sandstone. The strata here 
are vertical, with the top of the beds facing north, and the sandstone 
more indurated than is common in the Wasatch formation. About half 
a mile to the west, and at a much lower elevation, the Wasatch is only 
slightly folded. The writer’s hypothesis is that, before the extrusion of 
the breccia, this block of Madison limestone rested as a capping on a 
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hill of Wasatch sandstone, the contact being the sheared zone that would 
be expected at the horizon of the thrust plane. This hill was buried by 
a breccia flow moving from the south. Because of the high viscosity of 
the breccia, the top of the hill was tipped over to the north and the lime- 
stone capping was carried a short distance beyond its former resting- 
place. 

That large blocks of limestone were picked up by the breccia and were 
moved for considerable distances is well shown in Carter Mountain, south 
of the South Fork, where blocks of limestone, at least 50 feet square, are 
found in the breccia at considerable distances above its base. It seems 
probable that these blocks were picked up from the ground surface over 
which the lava was moving, as the contact between the limestone and the 
breccia shows only the thin coating characteristic of such contacts. If 
the limestone represents xenoliths detached from the Paleozoic country 
rock in the rise of the breccia through it, it is probable that they would 
show a greater contact alteration. 


STRUCTURE BENEATH THE THRUST PLANE 


South Fork Valley—The South Fork Valley has been referred to sev- 
eral times in this paper as anticlinal in structure. In general, this is true, 
as the sediments on the northwest side of the valley dip rather steeply to 
the northwest and those on the southeast side of the valley dip at a some- 
what gentler angle to the southeast. That it is not a simple anticline, 
however, is seen from the fact that the Cody shale outcrops high on both 
valley walls, the succession of beds outcropping beneath it being the nor- 
mal stratigraphic sequence down to, and including, the Sundance. A fault 
on each side of the valley results in the Cody shale outcropping on the 
valley floor. The relations between the Sundance and the Cody forma- 
tions were first described by Dake (1918, p. 51) as the result of a thrust 
fault through which the South Fork River had cut. He believed that the 
fault observed on each side of the valley was a part of one, and the same, 
fault. Later, Hewett (1920, p. 553) noted that the relations between the 
formations, at least on the Sheep Mountain side, could be as well ex- 
plained by the assumption of a normal fault as by a thrust. No evidence 
was found by the writer that would strengthen or weaken either of these 
two theories. The beds along the fault in the Sheep Mountain area have 
slumped so much that it is doubtful if any method, other than geophysical, 
can determine whether the fault is a thrust fault or a normal one. The 
most critical area—that where the trace of the fault, extended, would 
intersect the Cedar Mountain structure—is now buried beneath the waters 
of the Shoshone reservoir. 

Throughout most of the southeast side of Sheep Mountain, along the 
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valley of the South Fork, the sediments have a uniform northwestwardly 
dip. At the extreme southern corner of the area, however, there is an 
abrupt flexure in which the strike changes about 90 degrees and the 
dip of the beds becomes vertical. Plate 4, figure 2, illustrates these rela- 
tions. At the right side of the photograph, two sandstone beds in the 
Frontier formation, with a bed of white clay between them, dip away 
from the observer at an angle of about 22 degrees. In the center of the 
photograph the white bed is again seen, but with a dip of more than 80 
degrees to the left and a strike almost directly toward the observer. The 
Thermopolis and the Mowry formations, which outcrop in normal position 
below the Frontier formations, are apparently either greatly thinned or 
perhaps cut out completely where the dip of the Frontier steepens. Ex- 
treme slumping in the critical area makes it impossible to determine 
whether or not these formations are completely missing, but the area 
occupied by the slump is not large enough to accommodate both forma- 
tions without thinning. 

The writer suggests that this fold is similar to that in Rattlesnake 
Mountain, and that underlying it there is a fault trending northwest- 
southeast, along which the southwest side was downdropped. The forma- 
tions shown in the photograph (PI. 4, fig. 2) are draped over this fault, 
much of the thinning occurring in the soft shale of the Thermopolis 
formation. It is significant that this hypothetical fault would parallel 
the known fault in Rattlesnake Mountain. The upper beds in the photo- 
graph are a part of the thrust sheet and are not involved in the structure 
to an extent that can be recognized in the field. There is a change in 
attitude of the formations of the thrust sheet at the place where it crosses 
the underlying fold, but this change could not be accurately correlated 
with the fold. The apparent relationship may be purely coincidental. 

A short distance southwest of the postulated cross fault, and immedi- 
ately north of an isolated mound of the breccia known as Castle Rock, is a 
vertical outcrop of the Wasatch formation with an east-west strike. As 
this outcrop is followed northward, at right angles to the strike, the 
formation dips, at first steeply to the north but gradually becomes less 
and less steep until, within a few hundred yards, it coincides with the 
almost flat regional dip. This structure is completely isolated and does 
not seem to be in any way connected with other structures in the area. 
It is possible that Castle Rock occupies the position of a breccia intrusion 
that distorted the Wasatch during its emplacement. No evidence was 
found, however, to confirm this. 

The evidence bearing on the tectonic age of the South Fork structure 
is much clearer than that indicating its character. Johnson (1934, p. 832) 
has noted that there was a pre-Wasatch uplift of the Rattlesnake Moun- 


q 
\ 
i 
hee 
4 
q 
; 


1256 E. H. STEVENS—GEOLOGY OF SHEEP MOUNTAIN REMNANT 


tain structure. This was also true of the South Fork anticline. West of 
Bear Creek the Wasatch formation, dipping 10 degrees to the northwest, 
overlies the Cody shale and, locally, the Frontier. These formations dip 
in the same direction but at an angle of 22 degrees. Overlying the 
Wasatch and the Frontier formations, but at an angle of about 6 degrees, 
is the thrust block of the Paleozoic limestones. This angular relation 
indicates a rather pronounced arching of the South Fork anticline at some 
time after the deposition of the Cody formation but before the deposition 
of the Wasatch. During the erosion that followed this uplift the Frontier 
formation was exposed on the flank of the arch. This eroded arch was 
covered by the Wasatch formation which was later tilted by crustal move- 
ments that occurred after its deposition but before the time of the Heart 
Mountain thrust. After this uplift, erosion again exposed the Frontier 
formation on the flanks of the arch, for at a few points the thrust blocks 
rest on that formation. 

In the previous discussion of the structures of the thrust block it was 
noted that the limestone of the thrust, adjacent to the South Fork anti- 
cline, was tilted from 6 to 14 degrees away from the valley, indicating a 
post-thrust uplift of the South Fork structure. One later movement of 
the structure is indicated by the present position of the South Fork Valley 
along the axis of the arch. In order to have the post-breccia erosion of 
the region develop a major valley along the axis of a pre-breccia anti- 
cline it would be necessary to have a slight arching after the extrusion 
of the breccia, so that the underlying soft rocks would be brought to a 
level above the adjacent hard rocks. Under these conditions, erosion, 
cutting into the soft rocks at the crest of the arch, would tend to follow 
the axis of the arch. Corroborative evidence was found by J. T. Rouse 
(1934, p. 740), who observed that the regional dips in the basalt flows 
above the breccia were from three to five degrees away from the South 
Fork Valley. Thus, folding of the South Fork anticline has been inter- 
mittently active from near the end of the Cretaceous until after the ex- 
trusion of the volcanics. The writer does not wish to enter the contro- 
versy regarding the exact age of the Absaroka volcanics, which, on the 
basis of paleobotanical evidence, have been dated from Fort Union to 
late Miocene. The outline history, however, indicates that they cannot 
be older than the Bighorn Basin Wasatch, which, as previously noted, has 
been correlated in part with the Bridger formation of upper Eocene age. 


North Fork Valley.—Beneath the thrust sheet on the North Fork there 
is little observable structure. The Cody shale, nearly horizontal or dip- 
ping slightly to the west, is overlain with a slight angular unconformity 
by the Wasatch formation. This overlap occurs only at the western edge 
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of the thrust mass, so that throughout most of the area the thrust rests 
on the Cody shale. In most places the structure of the Cody cannot be 
determined, both because of the poor original bedding and because of the 
great amount of slump that occurs wherever the formation outcrops on a 
steep slope. The conclusion that the formation probably dips slightly to 
the west is based on a few poor exposures in the area mapped and on 
better ones a little to the west of the area. The relation between the 
thickness of the formation and the length of the exposures from east to 
west confirms this conclusion. 

In a few exposures at the eastern end of the area the Cody shale is 
intensely contorted, but, as this condition does not exist farther west, 
the writer considers that it is either the result of adjustments in the 
shale during the folding of the South Fork anticline or that it is the 
kneading of the shale in a slump mass. In the area where the contortions 
are found there is no present evidence of slumping, but in an earlier stage 
of the present erosion cycle it is quite probable that some did occur in this 
place. The position of the contortions at about the zone where the tilted 
beds of the South Fork anticline flatten out would favor the theory that the 
folding in the Cody was an adjustment during the formation of the South 
Fork structure. As these contortions are 1200 feet below the level of the 
thrust plane, it is improbable that there is any connection between them. 

At the northwest corner of Sheep Mountain is an outcrop of an unfos- 
siliferous sandstone. The outcrop is small and the rocks are quite distorted, 
the beds in general standing at an angle of about 80 degrees. The sand- 
stone, approximately at the level of the thrust plane, rests on the Cody 
shale. No positive evidence could be found in this outcrop that would 
determine the age of the rock. It has been mapped, however, as Sun- 
dance, on the basis of its lithologic similarity to a portion of a fossiliferous 
remnant of the Sundance formation, found at about the same elevation 
and in a similar structural position directly across the North Fork Valley. 
This undoubted Sundance also rests upon the Cody shale at about the 
level of the thrust plane, but at least a portion of it is covered by breccia, 
the thrust sheet having been completely removed by erosion before the 
extrusion of the breccia. The fossils in this Sundance rock are sheared 
badly. In particular, the Belemnites are fractured perpendicular to their 
length, and many of them are recemented, some with as many as four 
offsets in one individual. The Gryphaea are not so badly broken, ap- 
parently being strong enough to resist the shearing forces. Because of the 
position of this outcrop and the sheared condition of the fossils, the writer 
believes that the rock was carried to its present position by drag or the 
plane of the Heart Mountain thrust. The same mechanics are suggested 
to account for the position of the remnant on Sheep Mountain. 
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CARTER MOUNTAIN AND MEETEETSEE MOUNTAIN THRUST REMNANTS 


In a search for more evidence on the extent of the Heart Mountain 
thrust, the writer made a brief trip along the east front of Carter, Middle, 
and Meeteetsee mountains, seeking hitherto unknown limestone thrust 
remnants. These mountains are south of Cody, Wyoming, and north of 
the Greybull River. They are erosional mountains, carved from the 
breccia and basalt flows that characterize the Absaroka region. In the 
limited time available it was possible to visi: only the portion of the 
mountains adjacent to the very poor roads leading to the sheep camps. 

The first place visited was at the head of Hoodoo Creek, on the east 
side of Carter Mountain. Limestone fragments are rather common in 
the gravel of Hoodoo Creek. These continue in the gravel upstream from 
the point where the creek leaves the breccias, but at the contact between 
the breccia and the Wasatch no limestone was found resting on the Wa- 
satch or in the breccia. Upstream, at a point about 400 feet higher, an 
outcrop of the Wasatch was found which was apparently the top of a 
pre-breccia hill now exposed by erosion through the breccia. Here, con- 
siderable limestone was found both at the contact between the breccia 
and the Wasatch and incorporated in the breccia for some distance above 
the contact. It was impossible to determine at this place whether the 
limestone was already on the surface at the time of the breccia flow or 
whether it was carried by the breccias for a considerable distance. Its 
concentration at the top of a pre-breccia hill, however, seems to preclude 
the possibility of transportation by the breccia. 

The next place visited was at the head of Meeteetsee Creek. Here, 
limestone was again found at the contact between the breccia and the 
Wasatch. It was not so apparent that the limestone was associated with 
the top of a Wasatch hill, but the elevation where the fragments were 
found was higher than that of many breccia outcrops along the mountain 
front. Here, again, it was not possible to determine whether the limestone 
was carried by the breccia or was present on the Wasatch surface at the 
time of the breccia extrusion. 

At the next place visited, however, relations were found that could only 
be explained by assuming that the limestone fragments were present as 
residual blocks on top of the hills of Wasatch before the arrival of the 
breccia. Rawhide Creek has cut deeply into the breccia, without, how- 
ever, cutting through it into the Wasatch beneath until it emerges from 
the mountains. In its valley, no limestone blocks were found, and no 
limestone gravel was found in the creek bed. However, just over the 
divide between Rawhide and Rose creeks the Wasatch is exposed at an 
elevation considerably above the level of Rawhide Creek. As there has 
been no strong post-breccia folding in this region, the only explanation 
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possible is that this outcrop represents a hill in the pre-breccia topog- 
raphy and that the present valley of Rawhide Creek is located in the 
position of a deeper pre-breccia valley. 

At the contact between the Wasatch and the breccia there are numerous 
blocks of the Madison limestone, the largest about 7 feet in diameter. 
The physical relations are as follows. The breccias of the Absaroka 
region have covered a topography in the Wasatch formation of greater 
relief than that now developed at this point in the Rawhide Creek drain- 
age. There are no limestone blocks in the breccia, except at a point 
immediately above the top of one of the pre-breccia hills, and no lime- 
stone could be found in the gravels of Rawhide Creek, even at the place 
where it passed from the breccia to the Wasatch. Thus, it is inferred that 
at the time of the extrusion of the breccia there was a mantle of limestone 
boulders on the tops of the Wasatch hills and that the slopes were gentle 
enough so that little of this limestone moved down the slopes. This con- 
dition could only result from the erosion of a rather flat region over which 
there was a comparatively abundant cover of the limestone. Initially 
the limestone masses must have been very large, in order to have persisted 
through this long erosional period and to have retained their present size. 
Transportation of the limestone by thrust faulting seems to be the only 
process adequate to account for the cover of large blocks. 

The writer believes that the evidence presented is strongly indicative 
that at one time the Heart Mountain thrust extended over this area, at 
least as far as the present position of the limestone fragments. This 
extends the known area of the thrust remnants 10 miles southward. 


HEART MOUNTAIN REMNANT 


In the summer of 1934, the writer and G. D. Johnson spent two days 
mapping the Heart Mountain remnant. Although this time was not suffi- 
cient to work out the structure in detail the writer received several defi- 
nite impressions that may be worth recording. Although in agreement 
on the facts of the structure, Johnson did not entirely agree with some of 
the writer’s interpretations. 

A view of the Heart Mountain thrust remnant, from either the north 
or the south, shows that both the east and the west ends are thin with 
respect to the middle, which stands up as a “beehive-like” knob (PI. 5, 
fig. 1). Plate 5, figure 2, is a structure section, looking south. From 
this section it is apparent that the Heart Mountain remnant is a flat 
sheet, cut by a transverse north-south fault just east of the central knob. 
At the west end of the remnant there are several east-west-trending faults 
of small displacement, but as these are parallel to the section they do 
not show on it. 
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A feature which the writer considers to be of great significance is the 
character of the Wasatch just east of the transverse fault. Here the 
clay of the Wasatch is greatly contorted, and kneaded into it are many 
pebbles and cobbles of limestone and quartzite, many of which have been 
intensely sheared and some of which have been recemented after shear- 
ing. A pebble count showed that the limestones were the most abundant, 
with white quartzites next. There were relatively few of the dark-colored 
quartzites that are commonly found on the eroded surfaces of the Wa- 
satch formation. The limestones and the white quartzites were appar- 
ently derived from the erosion of the Madison and the Amsden forma- 
tions, perhaps from the thrust sheet itself; the darker quartzites, although 
apparently of pre-Cambrian types, were probably derived from erosion 
of the Wasatch. 

The writer’s interpretation of the structure of the Heart Mountain 
remnant is that during the early stages of the thrusting it was a flat 
sheet and included all of the Madison formation and probably the Ams- 
den in addition to the Bighorn and the Jefferson. Other formations 
younger than the Amsden may have been present, but there is no evi- 
dence now concerning them. During the thrusting the thrust plate was 
subjected to erosion, and fragments of it were deposited as gravel in 
front of the advancing edge. This gravel was later overridden by the 
thrust sheet. At some time during the thrusting the transverse fault 
developed, and the western side, dropped below the eastern, acted like a 
road scraper, gathering the basal gravel before it and kneading it into 
the Wasatch shale. The rotational stresses set up by the increased fric- 
tion would tend to increase the displacement on the fault and cause the 
bending of the strata to the west. During this process the “road-scraper” 
edge of the overriding fault block was probably broken and abraded, pre- 
venting it from extending far below the fault plane. 

More detailed work on this remnant is needed, but, if the interpretation 
expressed here is correct, it is clear that the Heart Mountain thrust 
remnant was placed in its present position by forces acting over a long 
period of time. Although the exact direction of movement could not be 
determined, the presence of the contorted shale on the east side of the 
transverse fault indicates that the movement was, in general, from the 


west. 


DIRECTION AND AMOUNT OF MOVEMENT OF THE 
HEART MOUNTAIN THRUST 


The direction of movement of the Heart Mountain thrust has not been 
satisfactorily determined. Dake (1918) and Hewett (1920) both be- 
lieved that, because the general structural features of the region to the 
north, the east, and the south were well known and showed no evidence 
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of the root of a major thrust fault, the thrust must have come from the 
west. In this direction the thick cover of the Absaroka volcanics would 
hide the root of the thrust. 

During the summer of 1934, Dake, working on the details of the struc- 
ture of the upper South Fork Valley, found what he tentatively regarded 
as a minor low-angle thrust fault, with movement from northwest to 
southeast, and he suggested that the movement of the Heart Mountain 
thrust might have been in the same direction. Further field work the 
following year, in which the writer participated, disclosed that the minor 
thrust was actually a combination of a high-angle reverse fault and a 
completely recumbent fold. The upper block of the reverse fault has 
moved to the northwest with respect to the lower block, and the recum- 
bent fold is overturned to the southeast. The relation of this fold to the 
regional structures has not been determined, but its existence indicates 
forces acting at essentially right angles to the prevailing regional forces 
as deduced from the Bighorn Basin, the Bighorn and Beartooth moun- 
tains, and the Rattlesnake anticline. 

In spite of the evidence of compressive forces acting in a northwest- 
southeast direction, it seems impossible that the Heart Mountain thrust 
could have come from the northwest, because, if a line is drawn north- 
westward from the Heart Mountain thrust remnant, it enters the pre- 
Cambrian core of the Beartooth Mountains without having crossed a 
fault of sufficient magnitude to be the root portion of the Heart Mountain 
thrust. 

The amount of displacement necessary to explain the present position 
of the thrust remnants is very great, regardless of the direction of move- 
ment assumed. In the following estimate of the amount of thrusting 
necessary to account for the present position of the remnants it is assumed 
that the fault is one of conventional type—i. e., that it originated along 
a line and moved in a direction essentially perpendicular to that line. The 
writer does not consider that radial landslide thrusting, of the type de- 
scribed in the Bearpaw and Highwood mountains, could produce displace- 
ments of the magnitude observed in the Heart Mountain thrust. The 
only possible position for a center of this type is in the region of Trout 
Peak, which is 40 miles from the McCullock Peak remnant of the thrust 
sheet. 

The minimum displacement that would account for the location of all 
the remnants of the thrust sheet would be 33 miles and would involve a 
thrust from northwest to southeast. As already stated, such a direction 
is not thought possible, as the structure between the Heart Mountain 
remnant and the pre-Cambrian of the Beartooth Range has been thor- 
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oughly worked out and no fault that could be the root of the Heart Moun- 
tain thrust is present. 

If the thrust moved from west to east, a displacement of 40 miles would 
account for the position of all the known remnants. This direction is a 
possible one, as the entire area where the root would lie is now covered 
by volcanics of the Absaroka Range. It is not a probable one, however, 
as there are no other major structures in the region with a north-south 
strike. 

If the thrust mass moved from southwest to northeast, which would 
seem the most probable in view of the orientation of the major regional 
structures, the amount of displacement necessary to place the remnants 
in their present positions would be about 48 miles. In spite of the greater 
amount of displacement required by assuming movement in this direction, 
there is a certain amount of direct evidence favoring it. At the south- 
west corner of Sheep Mountain an outcrop of Wasatch sandstone was 
found, at about the level of the thrust plane, and that sandstone is 
steeply tilted and more indurated than is common in the Wasatch forma- 
tion. Its strike is N 50° W, and its dip about 80° NE. The determina- 
tion of the angle of dip is open to question, but the northwesterly strike 
is clearly evident in the field. The strike of this outcrop, however, is not 
conclusive evidence of the direction of movement of the thrust, because 
of the contortions noted in the Wasatch, which have been described as 
the result of the breccia flows, but, as this outcrop is about at the level 
of the thrust plane and is not more than 100 feet from the nearest thrust 
remnant, it may be of more significance. 

Another indication that the thrust was from the southwest is found in 
the attitude of the rocks at the western edge of the Sheep Mountain 
remnant. As has been stated previously, the nearly horizontal beds of 
the thrust mass bend down abruptly to the west, along the western edge 
of the plate. The strike of this fold is approximately northwest-south- 
east, and it must have developed before the thrust sheet reached its pres- 
ent position, as it does not involve the sediments below the thrust plane. 
It is probable that this fold was formed during the movement of the 
thrust mass and thus would indicate a movement to the northeast. 

A third indication that the thrust moved from the southwest to the 
northeast is found in the fractures previously described as present in a 
thick bed in the Sheep Mountain thrust mass. These fractures, striking 
northwest-southeast and dipping to the northeast, are very suggestive of 
tension fractures, caused by the upper beds moving to the northeast with 
respect to the lower ones. 

Another feature of the regional geology that may be related to the 
Heart Mountain thrust is a belt of Tertiary intrusives, extending through 
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the center of the Absaroka volcanics in a northwest-southeast line. The 
writer suggests that these intrusions may mark a line of weakness, deter- 
mined by the root of the Heart Mountain thrust. If this is true, it would 
indicate a minimum displacement of 55 miles. 


MECHANICS OF MOVEMENT OF THE THRUST 


In this analysis of the direction and extent of the thrusting, it has been 
assumed that all the remnants of the thrust moved to their present posi- 
tion along paths that were approximately parallel. The movement would 
then have to be either that of a solid plate over the entire area or that of 
isolated blocks in the same direction. The field relations at the western 
edge of the Sheep Mountain mass suggest strongly that the several large 
blocks in the Bear Creek drainage system did not move as a connected 
mass which was later broken by erosion, but that they were placed in 
their present positions as individual blocks. They are all apparently 
parts of the down fold at the western edge of the main block but seem 
to have been separated from it and rotated so that, in them, the strike of 
the beds is no longer parallel to that in the main block. These blocks 
are too large to have been moved by the breccias. The blocks referred 
to are not the discordant blocks previously discussed but are much larger. 
They are shown on the map at the southwest corner of the Sheep Moun- 
tain thrust block (Pl. 1). 

It has been partly because of this peculiar relationship that several 
mechanisms, which have been suggested for the movement of the Heart 
Mountain thrust, are radically different from the conventional concep- 
tion of the mechanics of large overthrusts. 

One of these theories, suggested by W. H. Bucher (1933), is that an 
explosion of volcanic gases, presumably in the region now occupied by 
the Absaroka Mountains, tore loose a sheet of the Paleozoic limestones 
and hurled its fragments to their present position, perhaps riding on a 
cushion of steam. Further work in the region has failed to reveal evi- 
dence supporting this theory. Another suggestion, made by W. T. Thom, 
Jr., at a meeting of the Yellowstone-Beartooth-Bighorn Research Asso- 
ciation, was that, so far as the known evidence indicates, the Heart Moun- 
tain thrust might be similar to the landslide faulting around the Bearpaw 
Mountains, described by Reeves. 

In a recent paper the writer (Stevens, 1936) has suggested another 
mechanical principle which might operate to move a continuous sheet or 
isolated blocks over the surface of the earth. Lawson (1922) has shown 
that, even under the most favorable conditions, a thrust plate more than 
about 30 miles in length would not be strong enough to transmit the force 
necessary to overcome the resistance of friction on the fault plane. In 


1264 E. H. STEVENS—GEOLOGY OF SHEEP MOUNTAIN REMNANT 


the Heart Mountain fault the competent rocks of the thrust plate are so 
thin that any slight flexure should cause shearing in the thrust mass; yet 
no shearing is found, although the fault has a minimum displacement of 
40 miles. The writer suggests mechanics which are essentially those of 
under-thrusting, except that the forces accumulate at the back of the 
lower block and are then relieved suddenly, causing a slight movement 
of the lower block. If this movement was sudden enough, not enough 
force could be transmitted across the fault plane to move the upper block 
a distance equal to the distance moved by the lower block. The effective 
force operating to hold the upper block in place is its inertia. This 
process can be illustrated experimentally by placing one block of wood 
upon another and then striking the lower one horizontally with a hammer. 
The lower one will move, but the inertia of the upper one will hold it in 
place, causing a displacement between the two blocks. That this rep-— 
resents the mechanics of the Heart Mountain thrust has not been proven, 
but the writer believes that the field relations are better explained by such 
mechanics than by any other that has been suggested. It is possible, 
under such mechanics, that the Heart Mountain thrust mass either com- 
prised a group of isolated blocks moved across the surface of the earth by 
reason of their inertia, or, more probably, that it was a continuous sheet 
which became detached from its root at its western edge and moved for 
some distance, relative to the rocks on which it rested, because of its in- 
ertia. Friction on the thrust plane might cause the western edge to frac- 
ture and the fragments to become twisted with respect to the main mass. 


OUTLINE HISTORY OF THE AREA OF THE HEART MOUNTAIN THRUST 


1) Deposition without local earth movements up to and including the 
Lance, possibly the Fort Union. 

2) Arching of the Rattlesnake and South Fork anticlines. 

3) Erosion exposing the Paleozoics on Rattlesnake Mountain, possibly 
as deep as the Madison; and the Frontier formation on the South Fork 
anticline. This is shown by the strong angular unconformity between 
the Wasatch and the older formations in these two places. 

4) Deposition of the Wasatch, at least 1500 feet. As no Fort Union 
outcrops in the folded area the relation of this formation to the folding 
has not been determined. 

5) Uplift and erosion west of Cody. This is indicated by the absence 
of Wasatch between the west end of Sheep Mountain and the town of 
Cody. 

6) Erosion to virtual peneplanation. This is indicated by the manner 
in which the Heart Mountain thrust cuts across hard and soft formations. 

7) Heart Mountain thrust fault. 
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8) Renewed uplift on the Rattlesnake and South Fork anticlines and 
also on the small fault west of Sheep Mountain. This was combined 
with regional uplift that started the erosion of the overthrust mass. 

9) Erosion continued essentially to peneplanation. At the end of this 
erosional period most of the thrust sheet had been eroded away, but be- 
cause of its protected structural position, between the Rattlesnake and 
South Fork anticlines, a mass was left that has been since cut up into 
Sheep Mountain and Logan Mountain. At this time the land surface 
was unaffected by the resistance of the different formations, the limestone 
thrust remnants and the Wasatch sandstone lying at the same level. 

10) Regional uplift, probably greater on the anticlinal axes, although 
there is no direct evidence of this. 

11) Period of very rapid erosion that cut canyons to a depth of about 
1000 feet in the soft Wasatch formation but had little effect on the harder 
limestones of the thrust masses. 

12) Extrusion of the breccia and basalt flows. (A detailed history of 
this period is given by Rouse, 1934.) 

13) Further uplift of the Rattlesnake and South Fork anticlines. 

14) Present erosion cycle started, the course of the North Fork deter- 
mined as a consequence of the slope of the lavas; that of the South Fork 
by the arch of the lava caused by the uplift of the South Fork anticline 
noted in 13. 


CONCLUSION 


From the known exposures, both in the Sheep Mountain area and in 
those adjacent, it is impossible to prove the direction of movement of any 
of the thrust masses. The writer has cited the evidence that he believes 
indicates that the Sheep Mountain block moved from southwest to north- 
east and has expressed the opinion that the Heart Mountain thrust is the 
easternmost of the great belt of Rocky Mountain thrust faults. Due to 
the great extent of this fault in a direction parallel to the movement 
(whichever way the movement may have been), the factor of the strength 
of the thrust plate as opposed to the friction on the thrust plane would 
be of great importance, and the writer believes that the inertia mechanics 
suggested for low-angle faults in general would be applicable to the Heart 
Mountain thrust. This theory permits the relative movement of large 
detached surface blocks over the underlying material and could account 
for the peculiar rotated blocks west of Bear Creek. Whether the several 
remnants of the Heart Mountain thrust moved as isolated blocks or as a 
connected plate could not be determined, as erosion following the period 
of thrusting has all but removed the thrust material. 
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ABSTRACT 


Pleistocene marine fossils are abundant along both the east and the west coasts 
of Florida, but have not been found higher than 25 feet above sea leavel. Most of 
these species are still living in the coastal waters of the State, and thus no significant 
climatic change is indicated. This study supports the view expressed by previous 
workers that the Anastasia formation and the Miami oolite were contemporaneous 
and that the Key Largo limestone represents a coral-reef deposit probably of the 
same age. The Fort Thompson formation may be of the same age, or parts of it 
may be younger. These fossiliferous deposits appear to merge with the Pamlico 
terrace and formation of Georgia and farther north. If this correlation is correct, 
the Florida deposits under consideration probably date from the last major inter- 


glacial stage. 
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INTRODUCTION 
COASTAL TERRACES 


On the Atlantic seaboard south of the terminal moraine there is a series 
of Pleistocene terraces made up of sand, gravel, and clay deposits. They 
are frequently limited at their landward margins by a low wave-cut bluff 
or beach ridge. These terraces, apparently horizontal, range from 25 to 
270 feet above sea level and possibly higher. The higher ones are largely 
discontinuous and patchy; the lower ones are fairly continuous broad 
stretches of flat country. 

The lowest terrace deposit (shore line at 25 feet) contains marine fos- 
sils; the higher ones do not. Opinion at present differs as to whether 
these higher terraces are marine and have lost their fossils through leach- 
ing, or whether they are non-marine. 

Antevs (1929) and Cooke (1930), working independently, have sug- 
gested that these terraces are of marine origin and date from the various 
interglacial stages. According to the Glacial Control hypothesis, which 
they both accept, the glacial stages were times of low sea level and, con- 
versely, the interglacial stages were times of high sea level; these terraces 
might have been formed during the interglacial stages. 

No conclusive evidence has been presented to show that there has been 
any appreciable movement of the land along the Atlantic seaboard south 
of the terminal moraine in late Pleistocene time. Therefore, when Pleis- 
tocene marine fossils are found near or above present sea level in this 
region, they are best interpreted as of interglacial age. 

Some workers (Campbell, 1931; Wentworth, 1930), conceding that the 
lower terraces may be of marine origin, state that the terraces above the 
100-foot level are wholly or partly fluvial. 

The marine origin of the lowest terrace deposit—the Pamlico—is more 
definitely demonstrated because marine fossils have been found therein 
from New Jersey to Florida. These are thought to date from the last 
interglacial stage. 

SCOPE AND PURPOSE OF PRESENT WORK 

For the past several years the writer has been engaged in a study of 
the invertebrate fauna of the Pamlico terrace and formation from New 
Jersey to Georgia. In every locality the fauna has suggested a climate 
at least as mild as that of today, and in many places a somewhat milder 
climate is indicated. Because of this mild-climate fauna and for certain 
stratigraphic reasons, the Pamlico terrace is thought to date from the last 
major interglacial stage (Richards, 1936). 

It has been thought desirable to extend these studies south into Florida 
in order to determine whether the late Pleistocene history of that State 
has been similar to that of the region just to the north. This field work 


3 
‘ 


INTRODUCTION 1269 


was carried on during the winters of 1935, 1936, and 1937 and had as its 
main objectives (1) the determination, by means of paleontological 
studies, of Pleistocene shore lines in Florida, and (2) the detection of any 
climatic changes as indicated by Pleistocene invertebrate fossils. 
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PREVIOUS WORK 


Matson (1913, p. 34) studied and mapped three Pleistocene terraces in 
Florida. Concerning the lowest terrace, he said: 
“The Pensacola terrace is a broad plain rising less than 40 feet. above sea level, 


and apparently including two divisions, one being less than 20 feet above, and the 
other from 20 to 40 feet above sea level.” 


Fossils were said to be abundant in the deposits making up this terrace; 
none were found in those of the higher Pleistocene terraces. 

Cooke (1931) divided the Pensacola into two horizontal terraces, the 
Talbot with shore line at about 42 feet and the Pamlico with shore line 
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at 25 feet. Leverett (1931), on the other hand, says that the Pensacola 
terrace is tilted downward toward the west, occurring along the east 
coast of Florida at an elevation of 40 feet and on the west coast at an 


Ficure 1.—Outline map of fossil localities 


elevation of 25 feet. Cooke believes that Leverett has overlooked the 
25-foot terrace on the east coast, and that he has correlated the next 
to the lowest (Talbot) with the lowest (Pamlico) of the west coast, thus 
giving the impression of tilting. 

Important contributions to the Pleistocene geology of Florida are those 
of Matson and Clapp (1909) and Vaughan (1910). More recently the 
geology was reviewed by Cooke and Mossom (1929). Marine fossils are 
abundant in the Anastasia formation, which consists largely of coquina 
occurring at low elevations near the present shore line. South of Palm 
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Beach the Anastasia gradually becomes more oolitic and is known as the 
Miami oolite. Farther south, on the Keys, the Miami oolite gives place 
to the Key Largo limestone, which probably represents a deep-water 
deposit contemporaneous with the Miami oolite and the Anastasia. Also, 
there is a deposit underlying much of the Everglades, known as the Fort 
Thompson. In some places this formation consists of alternating layers 
of fresh-water and marine (or brackish) deposits, which may be con- 
temporaneous with the Anastasia or slightly younger. 


PLEISTOCENE STRATIGRAPHY OF FLORIDA 
EAST COAST 
Nassau County: Veatch and Stephenson (1911, p. 486, 440) record 
a fossil locality at Rose Bluff on the south bank of Bell River, a branch 


of the St. Mary’s River, opposite and 3 miles southwest of St. Mary’s, 
Georgia (PI. 2, fig. 1). They record the following section: 


Satilla formation 


8. At the top, gray oF White 

7. Brownish sand, color due to organic matter and iron; compact enough 

5. Brown sand contains scattered shells....................0.cceeeeeeeees 5 


The locality was visited in January, 1934, and some additional species 
were obtained. The fossils were found up to 25 feet above low tide— 
one of the highest records for Pleistocene marine fossils in the state of 
Florida. 

Nearby, at Reeds Bluff, on the St. Mary’s River about 2 miles above 
Bell River, a high bluff contains a bed of oyster shells. The following 
section was noted by the writer: 


(Feet) 
2. Sandy clay with shells, mostly eer 15 


The base of the reef is about 10 to 20 feet above low watermark (see 
also Sellards and Gunter, 1910, p. 127). 

In addition to the oysters, the following were found: Venus mercenaria 
Linné, Arca ponderosa Say, Corbula contracta Say, and Littorina irrorata 
Say. 

The above two localities are referred to the Satilla formation of Georgia 
(Veatch and Stephenson), which is probably the equivalent of the Anas- 
tasia of Florida. 
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Still farther up the St. Mary’s River, at Orange Bluff, about 2 miles 
above Kings Ferry, Veatch and Stephenson (1911, p. 400) give the follow- 
ing section: 

Pleistocene (Satilla formation) (Feet) 

2. Stiff, greenish, sandy clay, weathered brownish; contains Ostrea virginica; 

thin line of smooth, perfectly rounded quartz pebbles, reaching one inch 


(Unconformity) 


Pliocene (?) (Charlton formation) 

1. Soft, white or drab, argillaceous limestone or marl, becoming more argil- 
laceous at the top. The rock is variable in hardness, and the river has 
washed out small holes at the base of the bluff. Fossils. Thickness at 

This locality was visited in January, 1934. Fossils were observed in 
the Charlton formation (Pliocene ?), but the oyster deposit noted was 
thought to be of Recent, probably Indian, origin. 

Dvuvau County: Pleistocene fossils from the Anastasia formation have 
been encountered in dredgings and canals in various parts of Duval 
County. Some shells dredged from the St. John’s River opposite May- 
port were received from M. B. Mann, of Jacksonville. Here, as in all 
cases where the fossils have been obtained by dredging from existing 
waterways, the Pleistocene fossils have probably been mixed with some 
shells of Recent age. 

Sr. Joun’s County: The Anastasia formation underlies the entire coast 
of St. John’s County. Dredgings for the Intra-Coastal Canal near Palm 
Valley yielded an especially rich fauna. Here again, there is the possi- 
bility of admixture with Recent. 

Coquina crops out at numerous places, notably on Anastasia Island, 
opposite St. Augustine (PI. 1, fig. 1); also there are numerous pits from 
which the harder coquina rock has been quarried ever since the early 
Spanish settlement. As a result of his 1937 field work in Florida, C. 
Wythe Cooke has reached the conclusion that “the coquina of Anastasia 
Island is of Recent origin and was formed as a series of beach ridges 
at the present stage of sea level.” * 

According to Matson (1913, p. 395) “The average thickness of the 
Pleistocene coquina in St. John’s County is probably somewhat more than 
50 feet.” 

Fiacier County: Shell marl and coquina underlie the coastal part of 
Flagler County, and fossils have been encountered at numerous places. 
Coquina and loose shells were obtained from dredgings for Fox’s Cut-off 
(Intra-Coastal Canal), 4 miles north of Flagler Beach. The coquina is 
exceptionally well exposed along the beach at “The Rocks”, about 4 miles 
south of Matanzas Inlet (PI. 1, fig. 2). 


1 Personal communication. 
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Ficure 2. CoguiNA EXPOSED ON THE BEACH AT ““THe Rocks” 
Flagler County, 4 miles south of Matanzas Inlet. 


Ficure 3. Sprtpway, Vero Beacu, INDIAN River County 
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Cooke and Mossom (1929, p. 200) record a pit on the Old Dixie High- 
way 214 miles north of Flagler Beach where 15 to 18 feet of coquina is 
exposed. The upper 10 to 12 feet consists of compact hard ledges of 
shell rock, beneath which are to be found unconsolidated shells. 

Voiusia County: Coquina occurs on the surface or at shallow depths 
at numerous places along the coast of Volusia County. Fossils were ob- 
tained from dredgings from the Intra-Coastal Canal near Ormond Beach 
and Daytona Beach. At Daytona, fresh-water fossils, probably younger 
than the coquina, were noted in the spoil banks. 

Vaughan (1910, p. 171) lists 34 fossils from a marl pit a mile south- 
east of Daytona. 

Marine Pleistocene is also exposed along the St. John’s River near 
Deland and Orange City. Cooke and Mossom (1929, p. 158) give the 
following section from the City Mar! Pit, a mile south of Deland: 
Pleistocene: (Feet) 

sand to ton Gf excavation: PRES: 6 

2. Tough dark-gray brittle clay containing oyster shells and a few nodules of 


Unconformity 


Pliocene: Caloosahatchee marl: 
1. Creamy yellow sandy shell marl, somewhat hardened on long-exposed sur- 
On a visit to Deland on January 26, 1937, it was found that this pit 
was being used as the city dump, and it was consequently impossible to 
obtain further information. However, the following section was noted 
from a clay pit a short distance north of the old pit (Pl. 2, fig. 2): 


Pleistocene : (Feet) 

Unconformity 

Pliocene: 


Cooke and Mossom (1929, p. 158) record the following section from 
a marl pit 144 miles northwest of Orange City: 


Pleistocene: (Feet) 
2. Thin-bedded sand and sandy clay with patches of shells.................. 5 

Pliocene: Caloosahatchee marl 


The locality was visited on January 26, 1937, but no fossils were 
observed in the Pleistocene portion of the section. 

An extensive fauna from a marl pit at De Leon Springs has been con- 
sidered as possibly of Pleistocene age. After a brief study of this fauna, 
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collected in January, 1937, it was concluded that it was largely or en- 
tirely of Pliocene age—probably Caloosahatchee. 

Mansfield (1924, p. 37-38) records two localities on the east bank of 
the St. John’s River, 5 and 7 miles below Sanford, which contain many 
mollusks. He refers these to the “late Pliocene or early Pleistocene”. 
As the age of the material is uncertain, and as it is very improbable 
that it can be correlated with the other Pleistocene marine fossils of 
Florida, these fossils are not included in the list in this paper. It is pos- 
sible that they may be correlated with the material from a well at Kis- 
simmee (p. 1281). Mansfield (1924, p. 38-39) records similar material 
from a bluff half a mile above the Atlantic Coast Line Railroad bridge 
over the St. John’s River in Putnam County. 

About 2 miles north of Se*:".rd there is a spoil bank made up of shells 
dredged from Lake Monrce. ‘his fauna appeared to be a mixture of 
Miocene, Pliocene, and Pleistocene species. 

Brevarp County: Shell marl is widely distributed in Brevard County, 
and coquina is plentiful especially near Indian River. Marine fossils 
have been listed from Eau Gallie (Matson and Clapp, 1909, p. 151) and 
they have been found at other places, notably at Melbourne and Allen- 
hurst. 

At Melbourne the marine Anastasia is overlain by the Melbourne bone 
bed as shown in the following section from Cooke and Mossom (1929, 


p. 219): 


Golf Course at Melbourne 
Recent: (Feet) 


3. Swamp and stream deposits consisting of peat and partially decomposed 
roots, bark, and leaves, interstratified with yellowish or drab sand 
containing fresh-water mussel shells....................... O- 5 

Pleistocene; Melbourne bone bed: 

2. Fine white to light-brown sand containing a few local irregular lenses 
of marine shells and local accumulations of bones; where shell lenses 
are absent this bed appears massive or is streaked horizontally by 


Pleistocene; Anastasia formation: 
1. Coarse sandy coquina composed of rather firmly cemented broken shells 

An excellent collection of Pleistocene mollusks was obtained from the 
spoil banks of the Crane Creek drainage canal 414 miles west of Mel- 
bourne. 

Vertebrate fossils were dredged from above the coquina at the “haul- 
over” between Indian River and Mosquito Lagoon at Allenhurst, and it 
appears probable that they were from the Melbourne bone bed. The 
Melbourne bone bed consists of discontinuous patches and has been found 
at various places along the 100-mile stretch between Vero Beach, Indian 


River County, and New Smyrna, Volusia County. 
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InpIAN River County: Coquina and shell marl underlie the coastal 
portion of Indian River County. The following section of the canal 
at Vero Beach west of the spillway (Cooke and Mossom, 1929, p. 221) 
shows the relationship of the Anastasia to the overlying Melbourne bone 
bed: 


Recent: (Feet) 
4. Pure white, coarse-grained, wind-blown quartz sand.................... 47 
3. Soft, spongy, peaty layer, containing many partially decayed roots; in 


Pleistocene; Melbourne bone bed: 
2. Dark-brown to true-black, firmly indurated sand or sandstone cemented 
by ferric hydroxide and organic matter, but the color of the iron stain- 
ing is largely obscured by the organic black....................-..... 24 
1. Brown sand gradually losing its dark stain and passing downward into 
a reddish-brown sand stained by iron oxide and finally grading into a 
buff sand below, which is of finer grain than that above and may pos- 


“The Anastasia formation underlies bed 1 of this section, and is exposed 
in the banks of the canal below the spillway.” 

In 1915, human remains associated with a large fauna of extinct verte- 
brates were found in bed 2. As a result of this discovery there has been 
a great deal of controversy about the age of the deposit. The evidence 
is briefly reviewed in a later section of this paper. 

The fossils from the underlying Anastasia coquina have been listed by 
Sellards (1917, p. 78), and additional material was collected by the 
writer in 1935. 

Sr. Luctz County: Pleistocene marl underlies all of eastern St. Lucie 
County, and fossils have been obtained from the spoil banks of numerous 
canals. 

Dredgings in the harbor at Fort Pierce probably encountered both Ple- 
istocene and Recent shells. A fauna of 73 species, a large percentage of 
which are thought to be Pleistocene, was found on the spoil banks. 

Martin County: Pleistocene shell marl is reported from the banks of 
St. Lucie Canal from the Lower Locks to a point within 2 miles of Port 
Mayaca on Lake Okeechobee. The dredge passed through the Anastasia 
to the underlying Pliocene Caloosahatchee from the head of the canal 
to a point about 3 miles below the Seaboard Air Line Railroad bridge 
at Indian Town (Cooke and Mossom, 1929, p. 203). 

Patm Beacu County: A sandy coquina is exposed on the beach near 
Jupiter Inlet in northern Palm Beach County, and a similar coquina is 
quarried nearby. Shell marl or coquina is found above the surface or 
at shallow depths all along the coast of the county. 

In Palm Beach County much of the shell marl has been hardened into 
sandy limestone. This was once regarded as a separate formation—the 
Palm Beach limestone (Sanford, 1913)—but according to Cooke and 
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Mossom (1929, p. 199) “it seems to be merely a local facies of the 
Anastasia formation that marks the transition into the contemporaneous 
Miami Oolite.” 

Cooke and Mossom (1929, p. 203) report a friable sandstone or coquina 
with broken shells 24% feet above high tide in a road-cut on the penin- 
sula about 114 miles above the bridge of the Florida East Coast Railroad 
at Palm Beach. This is one of the highest outcrops of marine Pleistocene 
reported in the state. 

Vaughan (1910, p. 169) records the following section from a well at 


Delray: 


(Feet) 
At a depth of 118 feet he records the following fossils: 

Oculina sp. Latirus brevicaudata Lamarck ? * 
Siderastrea radians (Pallas) Murex rufus Lamarck 
Porites divaricata LeSueur Sistrum sp. (recent on Fla. East Coast) 
Cidaris tribuloides Lamarck Engina turbinella Kiener ? * 

Columbella pulchella Kiener 
Tornitina bullata Kiener = C. mercatroia Lamarck 

Acteocina bullata (Kiener) C. lanceolata Menke 
Terebra dislocata Say Strombus pugilis Linn (?) 
T.dislocata var. indenta Conrad Erato maugeriae Gray 
T. protexta Conrad Trivia quadripunctata Gray 
T.concava var. (may be new)* Omphalius fasciatus Born 
Conus floridanus Gabb Fissurella alternata Say 
Drillia digitalis Reeve Arca gradata Broerip = Arca 
Oliva reticularis Lamarck var. reticulata Gmelin 
Olivella mutica Say Lucina radiata Conrad 
Marginella opalina Stearns Chione cancellata Linn. 
* Not recent. 


According to Vaughan, “All the identifiable forms perhaps excepting 
three . . . [those indicated by an asterisk] are recent. On a percentage 
basis 90% are surely recent. The horizon is therefore probably old Ple- 
istocene, probably somewhat older than the Miami oolite.” The fauna 
is somewhat different from that of the Anastasia and Miami oolite and 
appears to indicate a warmer climate. Of the mollusks the following are 
found only near the Florida Keys and southward: Columbella pulchella 
Kiener, Engina turbinella Kiener, Omphalius fasciatus Born, Trivia quad- 
ripunctata Gray, Latirus brevicaudata Lamarck, Oliva reticularis La- 
marck, Colubraria lanceolata Menke; Sistrum is also confined to southern 
Florida. 

This fauna, occurring at a depth of —118 feet, indicates a considerable 
thickness of the Pleistocene and may well represent an earlier stage than 
the Miami-Anastasia. 
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Pleistocene (Anastasia or Fort Thompson) probably covers much of 
Palm Beach County between the ocean and Lake Okeechobee. In the 
western part of the county it is very thin and overlies the Pliocene 
Caloosahatchee. 

Shells are very abundant on the spoil banks of the West Palm Beach 
Canal; near West Palm Beach they are probably all Pleistocene. A large 
collection was obtained 5 miles west of West Palm Beach, most or all 
of which appears to be of Pleistocene age. From the vicinity of Loxa- 
hatchee westward there is a mixture of Pliocene and Pleistocene forms, 
and a collection from these spoil banks is of little value for stratigraphic 
Pleistocene studies. 

Fresh-water shells are often found along the spoil banks of the West 
Palm Beach Canal. Marshall (1926) described several species which 
he regarded as Pliocene; it seems more probable, however, as pointed out 
by Pilsbry (1935), that they are Pleistocene. Clench (1925) described 
Physa barberi from this same canal. 

Dredgings and excavations for canals and levees along the shores of 
Lake Okeechobee have also yielded quantities of fossils. Near Canal 
Point and Pahokee a mar! of Planorbis and Rangia occurs on top of the 
marine shells. Near Clewiston (Hendry County) the spoil banks are 
largely or entirely composed of Pliocene forms. 

Obviously, it is impossible to obtain an accurate geological section 
when the material is obtained from spoil banks. Nevertheless, a com- 
parative study of the fossils from numerous spoil banks, together with 
the knowledge of their approximate depth, has suggested the following 
section: 


4. Recent muck 


3. Planorbis and Rangia (Fort Thompson ?) 
2. Pleistocene marine unconformity (Anastasia ?) 
1. Pliocene marine (Caloosahatchee) 


A study of the Pliocene fossils from these dredgings has recently been 
made by Smith (1936). 

Browarp County: According to Cooke and Mossom (1929, p. 206): 

“The lateral transition from the Anastasia formation to the Miami Oolite is 
visible on the Hillsborough Drainage Canal about 4 miles west of Deerfield. Here 
oolitic spherules are mingled with sand grains in variable proportions, and all facies 
of rock are found, from loose sand to hard sandstone and sandy limestone. Both 
the sandy and oolitic facies contain many shells. Most of the shells retain traces of 
their original colors and some are nearly as brilliantly colored as living shells.” 

The Miami oolite is beautifully exposed in a quarry about 3 miles 
north of Fort Lauderdale. Shells (especially Chione cancellata, Donax 
variabilis, and Mulinia lateralis) were abundant up to 12 feet above the 
surface of the road. Non-reef-building coral was also abundant (PI. 3, 


fig. 2). 
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Vaughan (1910, p. 171-172) records fossils from drainage canals near 
Fort Lauderdale where there is “intergradation between the fossiliferous 
marls and the Miami oolite.” Both coquina and oolite were obtained by 
the writer from dredgings from New River Sound near Fort Lauderdale. 

Large pieces of reef-building coral were dredged from the Intra-Coastal 
Canal at Pompano Bridge (PI. 3, fig. 1). This is probably the most 
northern extension of the Key Largo limestone, which is thought to be a 
coral reef deposit contemporaneous with the Miami oolite and the Ana- 
stasia formation. The coral was obtained from the canal banks about 
7 feet below sea level; no oolite was observed. Cooke and Mossom (1929, 
p. 210) suggest that this occurrence may represent an isolated Pleistocene 
coral reef. No reef coral was observed along the canal south of this point, 
and the typical Key Largo limestone is not encountered until as far south 
as Soldier Key (Dade County). 

Dave County: Miami oolite is frequently encountered in shallow ex- 
cavations along the coast of Dade County, although the politic character 
of the rock is not always apparent. Vaughan (1910, p. 176) lists collec- 
tions of fossils from the Golf Ground and the Kronkheit-Offer quarry, at 
Miami, and the writer has obtained material from fills at Hollywood and 
Miami Beach. 

Oolite is quarried at Ojus and numerous other places for use as road 
metal or concrete aggregate. According to Cooke and Mossom (1929, p. 
206) “the surface of the Miami oolite forms a nearly level plain that 
ranges in altitude from less than 15 feet above sea level on the mainland 
to less than 15 feet below sea level.” The maximum thickness of the 
oolite is probably less than 50 feet. Along the coastal part of Dade 
County, in the vicinity of Miami, a sand with shells (Pleistocene ?) is 
common below the oolite. 

The swamp deposits of the Everglades in Dade County are in most 
places underlain by the Miami oolite. The oolite is encountered very near 
the surface and dredged from the Tamiami Canal along the Tamiami 
Trail just west of Miami (PI. 3, fig. 3). The Pleistocene deposits become 
very much thinner toward the western part of Dade County, and near 
Pinecrest, close to the Dade-Monroe County line, they are represented 
by only about 3 feet of limestone (with Chione cancellata) on top of an 
older rock. 

Mansfield (1931) records the following section half a mile to a mile 
west of the test well of the Miami Oil and Natural Gas Company (near 
Pinecrest and 42 miles west of Miami): 


(Feet) 
2. Hard yeliow limestone containing many Chione cancellata.. ............ 3 


1. Unconsolidated medium-coarse sand with numerous shells; above water.. 1 
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Ficure 3. Tamiami TRAIL AND CANAL WEST OF Miami, Dave County 


FOSSIL LOCALITIES IN SOUTHERN FLORIDA 


| 
Ficure 1. Inrra-Coasrat Cana, Pompano, Bruwarp County 
Ficure 2. QUARRY, 3 MILES NORTH OF Fort LAUDERDALE, BRowaArRD 
County 
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Figure 2. PLersrocene Exposure, Nortu Creek, Sarasota County 


FOSSIL LOCALITIES IN FLORIDA 
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Bed 2 is probably Pleistocene; bed 1 is thought by Mansfield to be 
upper Miocene, or a Miocene-Pliocene transition, or possibly Pliocene. 


WEST COAST 


Monroe County: All the keys from Bahia Honda to Key Largo, as 
well as the keys in Dade County north to Soldier Key, are composed of 
Key Largo limestone. This deposit was probably laid down largely by 
reef corals on the edge of the deep water at the same time that the Miami 
oolite and the Anastasia coquina and marls were being deposited in 
shallow water. At Key Vaca the limestone is reported to be 105 feet 
thick (Matson, 1913, p. 174), suggesting a considerable period of time 
for its deposition. The most conspicuous corals of this formation are 
Meandrina and Orbicella. 

The rock forming the keys between Bahia Honda and Key West was 
originally described as the Key West oolite (Matson, 1913, p. 180), but 
’ it is now regarded as identical with the Miami oolite (Cooke and Mossom, 
1929, p. 207). 

Fossils have been reported by Vaughan (1910, p. 176, 177) from Big 
Pine Key and Torch Key. 

The mainland of Monroe County is mostly underlain by Miami oolite. 
Along the Tamiami Trail in the northeast corner of the county the Pleisto- 
cene is very thin and consists mostly of limestone bearing Chione can- 
cellata and lying on top of the Pliocene Caloosahatchee. 

Coturer County: Matson and Sanford (1913, p. 189-191) describe the 
Lostmans River limestone as “the nonoolitic fossiliferous limestones which 
apparently underlie the western coast of southern Florida and outcrop 
inland.” They accordingly map much of the southwestern part of the 
present Collier County as Lostmans limestone, which they refer to the 
Pleistocene. Cooke and Mossom do not recognize the term Lostmans 
River. They apparently regard it as the equivalent of the Miami oolite 
which in places is very thin and overlies the Pliocene. 

Along the Tamiami Trail between Pinecrest and Everglades, there ap- 
pears to be a thin layer of Pleistocene limestone (with Chione cancellata) 
on top of an older limestone. The underlying limestone is regarded as 
Pliocene, probably Caloosahatchee, by Mansfield (1932). The overlying 
Pleistocene Chione bed is not present in all places and apparently is 
absent between Everglades and Naples. 

Lee County: Much of the western part of Lee County is apparently 
underlain with Pleistocene marl. Fossils were obtained from a drainage 
ditch at the Seaboard Air Line Railroad crossing of Highway 41, north of 
Estero, and similar material was noted from other ditches between Estero 
and Fort Myers. 
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Henpry AND GLADEs couNTIES: The Fort Thompson formation was 
described by Sellards (1919) as alternating fresh-water, brackish, and 
marine shell marl exposed near Fort Thompson and Labelle on the Ca- 
loosahatchee River near the Glades-Hendry county line. It appears to 
extend south and southeastward to the borders of the Miami oolite in 
Palm Beach and Broward counties. In the eastern part:of its extent, for 
instance along the West Palm Beach Canal, it is difficult or impossible 
to distinguish the marine phase of the Fort Thompson from the Miami 
oolite or the Anastasia, and it is thought that they are largely contempo- 
raneous. Certain parts of the Fort Thompson, for instance the upper 
fresh-water deposits along the West Palm Beach Canal, including those 
dredged from Lake Okeechobee at Pahokee as well as the upper part of 
the deposit near the type locality on the Caloosahatchee River, are 
thought to be younger than the Anastasia. At most places the Fort 
Thompson is covered with 6 to 8 feet of Everglades swamp muck. r 

At Goodno’s Landing (Fort Thompson) on the Caloosahatchee River, 
Hendry County, the following section was noted (March, 1935): 


3. Limestone with fresh-water mollusks and a few Chione cancellata...... 1-2 
2. Limestone with most marine species (a few planorbids, fresh-water 
1. Limestone with fresh-water 1-2 
....unconformity.... 


At Lock 3 of the Caloosahatchee Canal, a mile east of Goodno’s Land- 
ing, some shells were obtained from the spoi: banks; 20 species were identi- 
fied by Mansfield (Cooke and Mossom, 1929, p. 214). This spoil bank 
was visited by the writer in March, 1935, and a close similarity was ob- 
served between these species and those from bed 2 at Goodno’s Landing, 
although it is possible that some Pliocene species were present in the 
spoil bank. 

The Fort Thompson formation is very thin in many places, and the 
underlying Caloosahatchee is frequently encountered by the dredges. 
Some unusually fine Pliocene fossils were obtained at Clewiston. 

According to Cooke and Mossom (1929, p. 214) “The shoal water of 
Lake Okeechobee for 9 miles out from Moore Haven is underlain by 
Pleistocene shell marl composed chiefly of Chione cancellata and a few 
other mollusks.” 

OXKEECHOBEE County: Cooke and Mossom (1929, p. 155) record “a 
mixture of Pleistocene and Pliocene shells on the spoil banks of a drainage 
canal about 2 miles south of Okeechobee City.” 

Similar material was observed in spoil banks along the road from Fort 
Pierce to Okeechobee. 


| 
} 
| 
| 
| 
3 
(Feet) 
: 


PLEISTOCENE STRATIGRAPHY OF FLORIDA 1281 


Oscrota County: Matson and Clapp (1909, p. 147) and Mansfield 
(1924, p. 40) have discussed some fossils, which they refer to the Pleisto- 
cene, from the depth of about 100 feet in a well at Kissimmee. Other 
wells near Kissimmee yield Pliocene fossils at similar depths. Material 
from wells is unsatisfactory, and as no marine Pleistocene has been re- 
corded anywhere in the vicinity of Kissimmee, or in fact higher than an 
elevation of 25 feet, it seems best to regard the material as Pliocene or 
possibly contemporaneous with material from near Sanford, which Mans- 
field (1924, p. 37) refers to the late Pliocene or early Pleistocene. At any 
rate the elevation of Kissimmee (61 feet) is too high for the fossils to be 
correlated with the Pamlico terrace and formation. 

A brief study of the material from Kissimmee in the United States 
National Museum confirms the belief that they are older than the Pamlico 
and that they are probably Pliocene. These species are not included in 
the list at the end of this paper. 

CHARLOTTE County: Pleistocene (Anastasia) is mapped by Cooke and 
Mossom along the extreme western part of Charlotte County. Thirty- 
two species of Pleistocene mollusks were obtained from shallow drain- 
age ditches three-quarters of a mile south and a mile north of Murdock. 
Chione cancellata and Cardita floridana were the most conspicuous species. 
The region is mapped as Caloosahatchie Pliocene, but since no distinctive 
Pliocene species were found, it seems best to regard it as Pleistocene, 
which probably occurs as a thin mantle on top of the Caloosahatchee. 

Edgar Howard? reports the following section at Boca Grande, from 
a bluff about 30 feet from the Gulf of Mexico: 


(Feet) (Inches) 
Alternating sand and loose shell (mostly broken).................. +5 


The coquina is probably Pleistocene. The sand and loose shells above 
the coquina may represent a post-Pleistocene or Recent storm beach.’ 

Sarasota County: Pleistocene shell marl 1 to 2 feet thick is reported 
on top of the Hawthorne (Miocene) in a quarry 3 miles northeast of 
Sarasota (Cooke and Mossom, 1929, p. 136). Mixed Pleistocene and 
Caloosahatchie shell marl is recorded from the Miaka River (Cooke and 
Mossom, 1929, p. 156). Near Venice, a hydraulic fill was noted with 
shells, probably a mixture of Pleistocene and Recent. 


2 Personal communication. 

3 More or less stratified deposits of sand and loose shells somewhat similar to that at Boca Grande 
have been noted by the writer at Core Bank, North Carolina, Nags Head, North Carolina, and 
Cape May Point, New Jersey. It is thought that they represent storm beaches, and even though 
they occur above present sea level they may not indicate any change of sea level. 
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Dall (19038, p. 1615-1616) records 71 Pleistocene fossils from North 
Creek near Osprey, formerly in Manatee County, now in Sarasota County. 

In January, 1937, the writer obtained a collection from the spoil banks 
of a drainage canal on the south side of North Creek near the town of 
Osprey. An additional and much better collection was obtained from a 
drainage ditch on the north side of North Creek, a mile north of Osprey 
and half a mile east of the highway. Here the shells were in place up to 
3 feet above water level (PI. 4, fig. 2). 

Manater County: Pleistocene (Anastasia) is mapped along the por- 
tion of Manatee County bordering Tampa Bay. A drainage ditch, 3 miles 
south of Bradenton, yielded about 21 species, of which Chione cancellata 
was most abundant. Near Ellenton the Pleistocene lies unconformably 
on the Miocene Hawthorne formation. 

Matson and Clapp (1909, p. 148) list fossils from a ditch an eighth of 
a mile south of Manatee Station, 2 to 4 feet from the surface. 

HiiusporoucH County: Many Pleistocene fossils were obtained from 
dredgings from Tampa Bay used as fill for the Causeway (Highway 541) 
leading into Tampa, as well as for a similar fill on the approach to the 
Gandy Bridge between Tampa and St. Petersburg. 

In many parts of the county the Pleistocene is thin and overlies the 
Tampa limestone (Miocene). On Six Mile Creek at Orient, Matson and 
Clapp (1909, p. 148) record 31 species of Pleistocene fossils overlying 
the Tampa limestone. 

Prve.ias County: Various drainage ditches were noted along the road 
from Gandy Bridge to Pinellas Park. The shell marl carrying Chione 
and other fossils is overlain by 4 to 5 feet of sand, probably equivalent 
to the Melbourne bone bed. Cooke and Mossom (1929, p. 217) record 
44 mollusks, identified by Mansfield, in the shell bed at Seminole Field 
on Joe’s Creek, 214 miles south-southwest of Pinellas Park. From the 
5-foot layer of sand above the shell marl, about 50 species of mammals 
were identified by Simpson (1929, p. 264). Cooke and Mossom (1929, 
p. 224-225) refer this sand to the Melbourne bone bed which contains a 
large vertebrate fauna at Melbourne, Vero, and elsewhere on the east 
coast of Florida. 

At the Pinellas Wash Sand Company at Largo, 9 feet of sand overlies 
the Pleistocene marine fossil-bearing deposit. Drainage ditches in the 
vicinity of Largo exposed fossils, notably Chione. 

Shallow excavations or dredgings in St. Petersburg commonly uncover 
Pleistocene fossils. Some shells were obtained from a fill at Big Bayou. 

The fill near the Spa Beach, however, contained a mixture of Pleisto- 
cene, Choctawhatchee (Miocene), and probably Recent shells. Mans- 
field (Cooke and Mossom, 1929, p. 148) lists some Miocene species 
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dredged from Tampa Bay just offshore, opposite the Vinoy Hotel, St. 
Petersburg. 

Pasco, HerNANDO AND Citrus couNnTIES: No Pleistocene fossils have 
been found in these counties. The Pleistocene, where present, usually 
consists of a thin sand overlying the Tampa or Ocala limestone. 

Levy County: Cooke and Mossom (1929, p. 219) state that large 
blocks of hard limestone have been dug from ditches about 114 miles 
north of Gunntown. They said that the rock resembled the hard parts 
of the Anastasia formation and that it contained “myriads of small milio- 
lid foraminifers, Chione cancellata and many fragments of flat Echino- 
derms.” 

Ponton (Cole, 1931, p. 8), in speaking of the Foraminifera, remarks: 

“Examination of the samples of the ‘Miliolite limestone’ collected by Cole and 
Ponton from near Ellzey and Otter Creek, Levy County, showed a more or less 
intimate mixture of Ocala limestone (Eocene) and Pleistocene material. .. . It is 
not surprising that such an admixture of formations exists in this area. The waves 
of the shallow Pleistocene sea could easily break up the soft Ocala limestone and 
mix it with the material being laid down at the time.” 

The region was visited by the writer in March, 1935, and some collec- 
tions were obtained. A mile north of Gunntown (or Gulf Hummock) 
a shallow ditch showed clayey sand with some Pleistocene shells in place. 
About half a mile farther north a deeper ditch showed a hard limestone, 
together with the same clayey sand. The rock contained Chione can- 
cellata and the echinoderm Mellita cf. quinquesperforata. 

Thirteen species of mollusks, all apparently Pleistocene, were identified 
from the sand. 

In the collections of the Florida Geological Survey at Tallahassee, 
Florida, there are specimens of Ostrea virginica collected from the east 
bank of the Suwannee River at Manatee Springs, which is located about 
6 miles directly west of Chiefland. They were overlying the Ocala 
limestone. There is some question, however, as to whether these shells 
are Pleistocene or from an Indian shell heap. 

Taytor County: The collections of the Florida Geological Survey at 
Tallahassee contain some oyster shells collected about a mile north of 
Tennile on the west bank of the Steinhatchee River. Again, these shells 
may be from a shell heap rather than of Pleistocene age. 

Bay County: A fill from the west side of St. Andrews Bay, near Panama 
City, showed loose shells and fossiliferous limestone. The limestone is 
probably Tertiary, and the loose shells are either Pleistocene or Recent. 

Santa Rosa County: Near Milton, a deposit of peat carries cold-water 
diatoms underlain by a deposit carrying brackish-water diatoms (Gunter 
and Ponton, 1933; Hanna, 1933). The brackish forms are referred to the 
Pamlico interglacial and the overlying peat to the Wisconsin glacial stage. 
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Escamsia County: According to Matson and Sanford (1913, p. 302) 
the Pleistocene sands attain a maximum thickness of more than 100 feet 
near the coast of Escambia County. A test well near Pensacola yielded 
some fossils which are questionably referred to the Pleistocene. 


DISCUSSION AND CONCLUSIONS 


1. At no place along either coast of Florida were marine Pleistocene 
fossils found higher than 25 feet above sea level. It therefore seems prob- 
able that all these fossils should be referred to the Pamlico terrace. The 
highest elevations for Pleistocene marine fossils in the state are at Rose 
Bluff, on a branch of the St. Mary’s River in Nassau County, where they 
were found up to 25 feet above sea level, and near Palm Beach where 
Cooke and Mossom record fossils up to 241% feet above high tide. 

2. The Pleistocene of Florida has yielded 222 species of mollusks, of 
which all except 10 are marine. Many of these species are recorded from 
Florida for the first time; in addition, numerous species listed by earlier 
workers were not found during the present survey. 

With three exceptions, all the mollusks recorded from the Pleistocene 
of Florida live in these waters today. Transenella caloosana Dall, found 
at several localities, is not known from Recent seas, although it is very 
close to 7’. stimpsoni Dall. The Pliocene Anomalocardia caloosana Dall 
has been recorded from the Pleistocene of North Creek, Florida (Dall, 
1903, p. 1615-1616) and was found by the present collector. Rissoa 
calliostropha Dall, also reported by Dall from North Creek, is apparently 
extinct. A few other Pliocene species have been recorded from Pleistocene 
deposits of the State, but they have probably been reworked from the 
Piocene; at any rate, they are very rare in the Pleistocene. 

3. Fossils were collected, either in place or from excavations, from 
many localities along the east coast of Florida, in every county from the 
Georgia state line to the Keys. At a few localities, especially in the 
Everglades, where the fossils were obtained from the spoil banks of canals, 
the Pleistocene fossils were mixed with some from the underlying Pliocene 
beds, and it was frequently impossible to separate the two faunas. 

4. The study of these fossils supports the view expressed by Cooke 
and Mossom that the Anastasia formation and the Miami oolite were 
contemporaneous and that the Key Largo limestone represents a coral- 
reef phase, probably of contemporaneous age. 

5. A study of the Fort Thompson formation is somewhat more com- 
plicated. At some localities, for instance on the Caloosahatchee River 
near Labelle, its fauna is very similar to the other marine Pleistocene 
formations in the State. However, at other places, it consists of a brack- 
ish and fresh-water fauna which may be younger than the Anastasia. 
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It is suggested that part of the Fort Thompson may be contemporaneous 
with the other marine deposits of the State, possibly representing a strait 
connecting the Lake Okeechobee region with the Gulf of Mexico. Other 
parts of it may be younger. Parts of it, for instance at Goodno’s Land- 
ing, appear to represent alternating fresh-water and marine (or brackish) 
deposits. 

6) On the west coast of Florida, fossils were found at many places, 
either in place or from excavations, from Naples to the Suwannee River 
and at a few localities in western Florida. The fauna closely resembles 
that of the east coast, and it appears most probable that these two faunas 
should be correlated. 

7) No direct paleontological evidence was found to show whether, as 
suggested by Leverett, the lowest marine terrace was tilted. However, 
marine fossils do occur along the east coast of Florida at slightly higher 
elevations than along the west coast, although in no place above the 
25-foot contour. If such a tilting did occur, due to the weight of the 
sediments brought down by the Mississippi River, it may explain the 
scarcity of fossils from the Suwannee River to Pensacola.‘ 

8) The 25-foot terrace of Florida appears to merge with the terrace at 
the same elevation in Georgia and farther north (= part of Satilla = 
Pamlico). There are more southern species in the Florida deposits, but 
this would be expected because of their more southern latitude. There 
appears to be no serious objection to correlating the marine Pleistocene 
deposits of Florida with those of the Coastal Plain farther north. This 
25-foot terrace of Florida may be the lower of the two terraces cited by 
Matson. 

9) The Pamlico terrace of Florida, with its large fauna, is believed to 
date from the last major interglacial stage. The reasons for this dating 
are as follows: 

(a) The molluscan fauna indicates at least as warm a climate as that 
of today. That a cool climate existed as far south as Florida during part 
of the Pleistocene is suggested by the presence of the Tamarack larch 
in Pleistocene deposits at Dahlonega, Georgia, and by the cold-water 
diatoms in the peat deposits mentioned in (b). 

(b) In various parts of Florida, extensive peat deposits carry a cold- 
water flora of diatoms. Near Milton, Santa Rosa County, in the extreme 
western part of the State, this peat is underlain by a deposit containing 
brackish-water diatoms which have been correlated with the Pamlico. 
These brackish forms probably lived during the high stand of the sea 
which preceded the Wisconsin glacial stage, and the cold-water peat was 


4Further field work by Cooke in 1937 definitely indicates a 25-foot shore line on both the Atlantic 
and the Gulf coasts of Florida (personal communication). 
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probably deposited during part of the Wisconsin (Gunter and Ponton, 
1933; Hanna, 1933). 

(c) There are numerous indications cited in the literature (Matson and 
Sanford, 1913, p. 207-12; Richards, 1936, p. 1645; Cooke, 1937, p. 5) 
that the sea stood lower than the present after the deposition of the 


Taste 1.—Suggested correlation of Pleistocene formations and terraces of Florida 


Northern Ever- Fila. and 
N. J. to Ga. Fla. Southern Fila. Keys gilades Gulf Coast 
Melbourne 7 
WIsconsin bone beds 
Wisconsin | Erosion ERosion Erosion Erosion Erosion 
Sanazmon | PAMLICO |ANASTASIA| MIAMI ES 
OOLITE LARGO 2 | 
=Palm Beach ls. E- al TERRACE 
= Key West oolite. STONE 
= Lostmans River ls. 
Fossils from well 
at Delray—118 ft. Higher elevations 
TALBOT PENSACOLA 
TERRACE 
UNFOSSILIFEROUS PLEISTOCENE of 
Eastern Florida 


Early Pleistocene Fossils from well at Kissimmee. 
or Fossiliferous deposits on St. John’s River near Sanford. 
Late Pliocene 


coquina and other marine deposits and that there was some erosion and 
subsequent drowning. This low stand of the sea is thought to have 
occurred during the Wisconsin glaciation. 

(d) Evidence has been presented elsewhere (Richards, 1936) to sug- 
gest that the Pamlico terrace between New Jersey and Georgia dates 
from the last major interglacial stage. If the Florida marine Pleistocene 
deposits may be correlated with the Pamlico, it follows that the Florida 
deposits also date from the last interglacial stage. 

10) Leverett has dated the Pensacola terrace from Wisconsin time, 
perhaps 15,000 to 20,000 years ago. The writer believes that the evidence 
here cited (section 9) suggests an interglacial, rather than a glacial, age 
for the terrace deposits. According to the Glacial Control hypothesis, 
sea level would have been lower than at present during Wisconsin time, 
and the marine deposits of that time would have been laid down some 
distance off shore. If, however, the land had been depressed, a marine 
invasion of the land in glacial times might be accounted for. But no 
conclusive evidence of such a depression of the east coast of Florida has 
been presented. 

The cold-water peat deposits on top of the marine Pamlico in western 
Florida, just cited, as well as the extensive peat deposits on top of the 
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marine Pamlico in the Dismal Swamp, and similar swamps in Virginia 
and North Carolina, appear to suggest a considerable lapse of time since 
the deposition of the marine shells. It is hardly likely that this material 
could have accumulated within a few thousand years. 

11) The Pleistocene deposits higher than the 25-foot (Pamlico) terrace 
do not contain fossils, and the land probably stood relatively high during 
much of the older Pleistocene. 

There is some evidence of a marine Pleistocene deposit older than the 
Anastasia-Miami from fossils obtained from a well at the depth of 118 
feet at Delray, in Palm Beach County. The fauna suggests slightly 
warmer water than that indicated by the fossils of the Anastasia-Miami. 

Evidence of a very early Pleistocene or late Pliocene sea in Florida is 
afforded by fossils from a well at Kissimmee and by several deposits on 
the St. John’s River in Putnam and Volusia counties. 


RELATION OF THESE STUDIES TO THE PROBLEM OF PLEISTOCENE 
MAN IN FLORIDA 


Much has been written concerning the well-known locality at Vero 
Beach, Florida, where human remains were found associated with a large 
fauna of vertebrates including numerous extinct species (Pl. 1, fig. 3). 
The remains are in what is known as the Melbourne bone bed, which lies 
above the Anastasia formation on the east coast of Florida between New 
Smyrna and Vero Beach and locally elsewhere. Although the writer’s 
studies in Florida were largely confined to the marine deposits, a visit 
was paid to the Vero site in company with Edgar Howard, of the Acad- 
emy of Natural Sciences, Frank Ayers, of Vero, who made the original 
discovery in 1915, and M. B. Mann, of Jacksonville. The evidence 
strongly points to the fact that the human remains had been found 
in place and were not burials as suggested by some geologists. The bone 
bed (Bed 2 of reports) is younger than the Anastasia coquina (see p. 1275 
for section at Vero). The bone bed is probably separated from the marine 
coquina by a period of erosion. 

In addition to the human and other vertebrate remains, bed 2 also 
contains shells of land and fresh-water mollusks and plant remains. All 
the mollusks collected from this zone appear to be living in the region 
today. 

Bed 2 also appears to be separated from a still-younger peaty layer by 
another period of erosion. The coquina, as shown in this report, probably 
dates from the last interglacial stage. The vertebrate fauna of bed 2, with 
its extinct species, suggests some antiquity even though it be granted that 
certain Pleistocene animals did not reach extinction in Florida until con- 
siderably later than has usually been thought. The erosion interval 
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between the coquina and bed 1 may represent part of the lowered sea 
level of Wisconsin time. The overlying beds (1 and 2) may represent 
early postglacial time, during which time man may have been living 
in Florida associated with these extinct animals. Therefore, the age 
estimate frequently given for Vero Man of from 10,000 to 15,000 years 
appears to be supported by the geologic data. 


PLEISTOCENE FOSSIL LOCALITIES 


As can be seen from the previous description of the Pleistocene stratig- 
raphy of the various counties of Florida, fossils are very abundant and 
in parts of the State are found in almost every shallow excavation or 
ditch. Obviously, it would be impossible and unnecessary to record all 
the fossils from every locality noted in the preparation of this report. 
Fossils have been studied from the localities listed; in addition, a few 
records, based upon previous published records, are added and a reference 
to the original authority is given. Unless otherwise indicated the mate- 
rial was collected or examined by the present writer. The locality num- 
bers will be referred to in the list of species. 


Nassau County 
1. Rose Bluff, south bank of Bell River, a branch of the St. Mary’s River 
2. Reeds Bluff, St. Mary’s River 


Duval County 
3. Dredgings from St. John’s River, opposite Mayport; material sent by M. B. Mann 


St. John’s County 
4. Anastasia Island 
5. Dredgings from Intra-Coastal Canal, Palm Valley 


Flagler County 
. “The Rocks”, 4 miles south of Matanzas Inlet 
. Fill, 4 miles north of Flagler Beach (South end Fox’s cut-off, Intra-Coastal Canal) 


Im 


Volusia County 
8. Fill along east side of Halifax River, a mile north of Ormond Beach 
9. Daytona Beach, Fill on west side of Halifax River 
10. City marl pit, a mile south of Deland 
11. Marl pit, 1% miles northwest of Orange City 


Brevard County 
12. Spoil banks of Crane Creek Canal, 4% miles west of Melbourne 
13. Eau Gallie (after Matson and Clapp, 1909) 
14. “Haulover” between Indian River and Mosquito Lagoon, Allenhurst 


Indian River County 
15. Vero Beach; dredgings from canal west of spillway 


St. Lucie County 
16. Dredgings from Fort Pierce Harbor 
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Palm Beach County 


. Well at Delray at depth of 118 feet (after Vaughan, 1910) 

. Fill from Lake Worth at Riviere 

. Dredgings from West Palm Beach Canal, 5 miles west of West Palm Beach 
. Dredgings at Canal Point 


Dredgings from Lake Okeechobee at Pahokee 


Broward County 
Quarry, 3 miles north of Fort Lauderdale 
Dredgings from canals near Fort Lauderdale (after Vaughan) 


. Fill from New River Sound, Fort Lauderdale 


Dredgings from Intra-Coastal Canal at Pompano Bridge 


Dade County 
Miami (after Vaughan, 1910) 
Miami Beach; fill 
Hollywood; fill 
Tamiami Trail, just west of Miami; Miami oolite dredged from Tamiami Canal 
Near Pine Crest, dredged from Tamiami Canal 


Monroe County 


. Big Pine Key (after Vaughan) 
. Torch Key (after Vaughan) 


Collier County 


. Material dredged from canal, found along Tamiami Trail between Pinecrest and 


Naples 
Lee County 


. At Seaboard Air Lines RR crossing of highway 41, north of Estero 
. Drainage ditch, 6 miles south of Fort Myers 


Hendry County 


. Goodno’s Landing, on Caloosahatchee River 
. At lock 3 of Caloosahatchee Canal, a mile above Goodno’s Landing (shells re- 


ported by Cooke and Mossom; also collected by the writer) 
Charlotte County 


. Drainage ditch three-quarters of a mile south of Murdock 
. Drainage ditch a mile north of Murdock 
. Coquina, Boca Grande (material sent to the writer by Dr. Edgar Howard) 


Sarasota County 


. North Creek, near Osprey (after Dall; also collected by the writer) 


Manatee County 


. Drainage ditch, 3 miles south of Bradenton 
. An eighth of a mile south of Manatee Station (after Matson and Clapp) 


Hillsborough County 

. Fill dredged from Tampa Bay, along causeway to Tampa 
. Gandy Bridge fill between Tampa and St. Petersburg 

. Six Mile Creek, Orient (after Matson and Clapp) 


‘ 
34 
35 
36 
37 
38 
39 
40 
42 
45 
46 ; 
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Pinellas County 
47. Drainage ditch near Pinellas Park (after Cooke and Mossom; also visited by 
the writer) 
48. Fill at Spa Beach, St. Petersburg 
49. Fill at Big Bayou, St. Petersburg 


Levy County 
50. Half a mile north of Gunntown (Gulf Hummock): ditches 
51. Manatee Springs, on east bank of Suwannee River (specimens in collections of 
Florida Geological Survey, Tallahassee, Fla.) 


Taylor County 
52. Tennile, west bank Steinhatchee River (specimens in collections in Florida Geo- 
logical Survey, Tallahassee, Fla.) 


Bay County 
53. Fill from west side of St. Andrews Bay, near Panama City 


PLEISTOCENE MOLLUSKS FROM FLORIDA 


In the following list are species collected by the writer as well as those 
recorded by previous collectors. Whenever possible the material previ- 
ously collected has been examined in the United States National Museum 
or elsewhere, and the identifications verified. Certain species have not 
been examined by the present writer and are included on the authority 
of the original author. Certain unverified species, particularly where 
there was the possibility of admixture with the underlying Pliocene, have 
been omitted from the tabulation. 

Representative collections of the mollusks obtained by the writer from 
the Pleistocene of Florida have been deposited in the New Jersey State 
Museum at Trenton, the Academy of Natural Sciences of Philadelphia, 
and the collections of the Florida State Geological Survey at Tallahassee. 

The numbers following the species names refer to the localities listed 


in the previous section. 
PELECYPODA 
Nucula prozima Say, 9, 13, 15, 37 
Leda acuta Conrad, 44, 47, 
Arca auriculata Lamarck, 23 
A. campechiensis Gmelin, 1, 3, 5, 7, 8, 14, 15, 16 
A. incongrua Say, 1, 3, 5, 7, 8, 14, 15, 16 
A. transversa Say, 1, 3, 4, 5, 7, 8, 9, 12, 13, 14, 15, 16, 21, 34, 35, 36, 37, 40, 41, 42, 44. 
45, 46, 47, 50, 53 
A. secticostata Reeve, 12, 16, 39, 41, 42 
A. occidentalis Philippi, 16, 27 
A.umbonata Lamarck, 9, 15 
A. reticulata Gmelin, 15, 17, 26 
A.adamsi Shuttleworth, 34 
A. ponderosa Say, 2, 3, 4, 5, 7, 8, 9, 12, 14, 15, 16, 24 
Glycymeris pectinata Gmelin, 15, 16, 19, 26, 27, 35, 47. 
G. lineata Reeve, 15, 16 
G.americana Defrance, 15, 16 
Atrina rigida Dillwyn, 4, 34 
Pteria colymbus Bolton. 23. 24. 26 
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Perna alata Gmelin, 24 

“— we Gmelin, 1, 2, 3, 4, 5, 7, 9, 10, 11, 14, 15, 16, 34, 39, 41, 44, 45, 46, 51, 

O. cristata Born, 5, 12, 16, 19, 35, 41, 53 

Spondylus americanus Hermann, 16 

Plicatula gibbosa Lamarck, 9, 15, 16, 34, 40, 4 

—— oo Linne (and varieties), 12, is. ‘. 28, 34, 35, 36, 37, 39, 40, 41, 44, 45, 

Anomia simplex d’Orbigny, 1, 5, 14, 15, 16, 34, 41, 44 

Mytilus hamatus Say, 3, 5, 14 

M.exustus Linne, 27, 43 

Modiolus demissus Dillwyn, 5, 41 

Crassinella lunulata Conrad, 15, 16, 41, 47 

Cardita floridana Conrad, 5, 12, 15, 16, 19, 27, 34, 36, 37, 39, 41, 44, 45, 47, 53 

C. tridentata Say, 8, 9, 14, 15, 16, 41, 47 

* C.dominguensis d’Orbigny, 41 

Chama macerophylla Gmelin, 16, 24, 34, 40, 41 

Lucina pennsylvanica Linne, 23, 26, 27, 31, 3: 

L. jamaicensis Lamarck (L. pectinatus Gmelin), 14, 15, 16, 24, 27, 38, 41 

Phacoides trisulcatus Conrad, 23, 24, 27 

P. nassula Conrad, 13, 27, 45, 47 

* P.muricatum Spengler, 41 

P. floridana Conrad, 15, 35, 39, 41, 42, 45, 47, 48, 53 

P. radians Conrad, 17 

P.crenella Dall, 5, 12, 16, 39, 41, 42, 44, 45 

P. multilineatus Tuomey and Holmes, 1, 15, 37, 41, 46, 47, 51 

P.amianthus Dall, 23, 41 

Divarcella quadrisulcata d’Orbigny, 1, 7, 15, 19, 27, 32 

D. densata Wood, 23, 31 

Codakia orbicularis Linne, 26, 27 

C.orbiculata Montagu (C. squamosa Lamarck), 34, 41, 48 

C.costata d’Orbigny, 34 

* Anisodonta elliptica Recluz, 41 

Montacuta floridana Dall, 43 

Cardium isocardia Linne, 9, 13, 15, 23, 24, 31, 32, 35, 41, 43, 46 

C.muricatum Linne, 15, 16, 19, 34, 39, 41, 42, 44 

C.robustum Solander, 1, 13, 15, 16, 19, 34, 35, 37, 39, 41, 43, 45, 47, 50 

C.serratum Linne (C. laevigatum Linne), 12, 15, 23, 24, 26, 31, 36, 37, 43 

C.mortoni Conrad, 13, 15, 16, 41, 42, 44, 45, 46 47 

Dosinia elegans Conrad, 1, 8, 19, 23, 24, 27, 34, 7 41, 44, 50 

D. discus Reeve, 15, 4 

Transenella stimpsoni Dall, 27, 45, 48 

T.conradina Dall, 41 

+* T. caloosana Dall, 15, 24, 37, 43, 46, 47 

Macrocallista nimbosa Solander, 19, 35, 36, 37, 39, 41, 45, 46, 47 

M. maculata Linne, 31, 41 

Callocardia morrhuana Linsley, 46, 47 

Chione cancellata Linne, 1, 5, 8, 9, 12, 13, 14, 15, 16, 17, 19, 22, 23, 24, 26, 27, 29, 30, 31, 
32, 33, 34, 35, 36, 37, 39, 40, 41, 43, 44, 45, 46, 47, 48, 50, 53 

C.latilrata Conrad, 15, 16, 45 

C.intepurpurea Conrad, 15, 16, 34 

C.grus Holmes, 9, 13, 15, 47 

C. pygmaea Lamarck, 41 

Venus mercenaria Linne, 2, 3, 9, 12, 14, 15, 16, 34, 40 

V.campechiensis Gmelin, 1, 5, 8, 9, 12, 13, 14, 15, 16, 59, 41, 43, 44, 45, 46, 47 

Anomalocardia cuneimeris Conrad, 5, 8, 16, 27, 39, 41, 44, 48 

* A. brasiliana Gmelin, 41 

+ A. caloosana Dall (?), 41 

Gemma gemma Totten, 5, 8, 9, 39, 41, 42 

Parastarte triquetra Conrad, 5, 8, 9, sc} 14, 16, 37, 39, 41, 42, 43, 44, 47, 48, 50 

Petricola pholadiformis Lamarck, 3, 13 


* Not examined by the writer. 
¢ Extinct. 
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Tellina lintea Conrad, 15 
* T. radiata Linne, 31 
T.alternata Say, 1, 50 
*T. sayi Deshayes, 1 
T.tenera Say, 8 
* T. versicolor Cozzens, 41 
* T. sybaritica Dall, 41 
T. tampaensis Conrad, 9, 41 
Macoma constricta Bruguiere, 27 
* M. brevifrons Say, 23 
Metts intastriata Say, 31 
Strigilla flexuosa Say, 1, 15 
Semele proficua Pulteney, 4, 15, 16, 41, 42 
S. bellastriata Conrad, 9, 15, 32 
Abra aequalis Say, 4, 5, 9, 34, 41 
Cumingia tellinoides Conrad, 27, 41 
Donaz variabilis Say, 1, 3, 5, 7, 8, 9, 12, 13, 14, 15, 16, 22, 34, 41, 42 
D. fossor Say, 1 
D. tumidus Philippi, 5, 8, 9, 14, 15 
Iphigenia brasilliana Lamarck, 24 
agelus gibbus Spengler, 4, 5, 8, 9, 13, 16, 45 
T.divisus Spengler, 4, 8, 9, 32, ‘41, 44, 46, 50 
Ensis directus Conrad, 16 
Mactra soladissima Dillwyn, 5, 45 
M. similis Say, 4, 14, 16, 34, 41, 46 
Mulinia lateralis Say, 1, 3, 4, 5, 7, 8, 9, 14, 15, 16, 19, 22, 35, 39, 41, 45, 46, 48 
M. lateralis corbuloides Deshayes, 9, 41 
Rangia cuneata Gray, 4, 5, 9, 15, 20, 21 
Labiosa canaliculata Say, 1, 4, 16, 41 
Ervillia concentrica Gould, 1, 41 
Corbula contracta Say, 1, 16, 34, 41, 44 
C.barrattiana Adams, 13, 47 
Pholas costata Linne, 5, 8 
* Acanthochites spiculosa Reeve, 41 
Elliptio bucklei Lea (fresh-water mussel), 21, 36 


GASTROPODA 


Fissurella alternata Say, 5, 15, 17 

Omphalius fasciatus Born, 17 

* Teinostoma cryptospira Verrill, 41 

Nerita virginea Linne, 16 

Scalaria lineata Say, 16 

* §. frielet Dall, 41 

Pyramidella dolbrata Lamarck, 23, 24 

P. crenulata 1, 5, 41, 45 

P. fusca Adams, 4 

Turbonilla sp., 1 37, 39, 41, 43, 47 

* caloosaensis Dall, 4 

Natica pusila Say, 1, 41 

N.canrena Lamarck, 31 

Polinices duplicata Say, 1, 5, 7, 8, 9, 12, 15, 16, 31, 34, 41, 45, 46, 48, 50, 53 

Sinum perspectivum Say, 9, 15, 16 

Crepidula convexa Say, 12, 13, 5, 16, 41, 43, 45, 

= fornicata Linne, 4, 5, 7, 9, 12, 13, 14, 15, 16, ty 41, 42, 45 
—_ Say, 9, 12, 15, 16, 41, 43, 47, 48 

Paludestrina minuta Totten, 9 

+* Rissoa calliostropha Dall var., 41 

Rissoina aff. chesnelli Michaud, 47 

Littorina trrorata Say, 2, 15, 47 

Vermicularia or Philippi, 12, 34 

V. nigricans Dall, 1 

V. irregularis TOrbieny, 15 

Caecum floridanum Simpson, 47 


: 
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Modulus modulus Linne, 15, 16, 23 27, 32 
Cerithiopsis greenit C. B. Adams, 16 
Seila adamsi Lea, 47 
Cerithium floridanum Morch, 15, 16, 27, 34, 36, 41, 4 
C. muscarum Say, 9, 12, 13, 15, 16, 26, 35, 39, 41, 43, 48 
C. minimum Gmelin, 16, 34, 42 
* C. thomasiae Sowerby, 23, 32 
C.literatum Born, 23, 26, 32 
* Cerithidea turrita Stearns, 23 
Bittium varium Pfeiffer, 9, 13, 43 
Strombus pugilis alatus Gmelin, 17, 19, 31, 34, 35, 37, 41, 42, 45, 50 
S. gigas Linne, 26 
Trivia quadripunctata Gray, 17 
* Erato maugeriae Gray, 17 
Cassis inflata Shaw, 16 
Tonna galea Linne, 16, 31 
Murex fulvescens Sowerby, 15, 16 
* M.rufus Lamarck, 17 
M.pomum Gmelin, 37, 45 
Urosalpinz cinerea Say, 3, 12, 16, 45 
U. tampaensis Conrad, 41, 45 
U. perrugatus Conrad, 36, 41, 46 
Eupleura caudata Say, 5, 15, 34 
Muricidea ostreaum Conrad, 43, 46 
Thais floridana Conrad, 1, 15, 16 
Sistrum sp., 17 
Columbraria lanceolata Menke (?), 17 
Columbella avara Say, 15, 16, 41 
C.lunata Say, 9, 13, 41, 43, 47 
C. obesa Adams, 9, 12 
C. pulchella Kiener, 17 
C.mercatoria Lamarck, 17, 26 
Nassa obsoleta Say, 3, 5, 9 
N. trivittata Say, 3 
N.acuta Say, 1, 5, 8, 9, 13, 15, 16 
N. vibex Say, 8, 9, 13, 16, 36, 41, 42, 43, 45, 46, 47, 48 
Cantharus cancellaria Conrad, 1, 16, 
* C. tinctus Conrad, 41 
* Engina turbinella Kiener, 17 
Fulgur pyrum Dillwyn, 5, 8, 13, 36, 41, 43, 45, 46 
F. canaliculata Linne, 34, 41 
F. perversa Linne, 13, 15, 16, 19, 32, 41, 43, 45, 46, 47, 48 
F.carica Gmelin, 1, 3, 8, 9, 12, 14, 5, 16, '35, 41 
Melongena corona Gmeiin, 7, 8, 14, 15, 16, 18, 19, 23, 24, 36, 37, 41, 45, 46, 47, 48 
Fasciolaria tulipa Linne, 16, 34, 41, 43, 47 
F.distans Lamarck, 13, 41, 46 
F. gigantea Kiener, 13, 16, 43, 44 
Latirus brevicaudatus Lamarck (?), 17 
Leucozonia cinguilifera Lamarck, 16 
Marginella minuta Pfeiffer, 41 
M.apicina Menke, 9, 13, 14, 15, 19, 23, 24, 27, 36, 41, 43, 45, 46, 47, 48 
M.denticulata opalina Stearns, 17 
Volutella ovuliformis d’Orbigny, 43 
* Oliva reticularis Lamarck, 17 
O.sayana Ravenel, 5, 9, 12, 13, 14, 15, 16, 19, 41, 45, 48, 50 
Olivella mutica Say, 1, 5, 8, 9, 12, 13, 14, 15, 16, 27, 37, 41, 42, 43, 45, 46, 47 
* O. jaspidea Gmelin (?), 15 
Terebra concava Say, 4, 15, 16, 17, 41 
T. cinerea Gmelin, 12 
T.protexta Conrad, 17, 41, 43 
T .dislocata Say, 1, 5, 9, 15, 16, 17, 31, 34, 41, 43, 45 
* T. dislocata indentata Conrad, 17 
Conus floridanus Gabb, 17, 26, 41 
C. proteus Hwass, 23 


nd 
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C.. vericosus sticticus, 44, 45 
C. pygmaeus Reeve, 41, 47 
Dtillia digitalis Reeve (?), 17 
Mangelia plicosa Adams, 41 
ae M.cerina Kurtz and Stimpson, 39, 41 
ae Cancellaria reticulata Linne, 16 
; Acteocina a Say, 1, 4, 9, 14, 16, 37, 41, 42, 43. 47 
A. bullata Kiener, 17 
Bulla occidentalis C. B. ee 16, 19, 36, 41, 45 
B. striata ge sea 28, 41, 4 
Melampus coffeus Linne, ‘“ 
M.lineatus Say, 39, 44 
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ABSTRACT 


Sierra San Pedro Martir of northern Baja California is an elongated plateau—a 
slightly dissected fault block—which trends north-northwest along the axis of the 
peninsula. In a central east-west strip across the Sierra and its western foothills 
at about 31° north latitude the rocks include (1) an extensive metamorphic series 
of varied slaty and schistose rocks, striking northwest, and occurring chiefly in the 
foothills, (2) gneissic migmatites, occurring chiefly on the plateau, and (3) stocks 
and batholiths of quartz diorite and granodiorite which are of uncertain, perhaps 
Upper Cretaceous age. 

The present report includes a reconnaissance geologic map of the previously almost 
unexplored area, and descriptions of the rock types found. Further work in this and 
neighboring areas is desirable, especially to clarify the structure and geomorphology, 
= to ascertain more definitely the ages of the various metamorphic and plutonic 
rocks. 


INTRODUCTION 
GENERAL STATEMENT 


The Sierra San Pedro Martir is the backbone of northern Baja Cali- 
fornia, Mexico. It is a corrugated plateau, 5000 to 8000 feet high, trend- 
ing north-northwest along the axis of the peninsula. It is terminated at 
the north by San Matias Pass, 100 miles from the United States border. 
The Sierra is 50 or 60 miles long; at the south it gradually loses elevation 
until it is covered by lava-capped mesas of moderate height. The summit 
plateau is 8 or 10 miles wide and is bounded east and west by scarps. On 
the east there is an abrupt drop of 4000 to 7000 feet to the desert floor; 
on the west there is a series of lesser scarps, succeeded by foothills which 
extend almost to the Pacific. 

The writers have found only crystalline rocks in the Sierra, and in 
much the greater part of the western foothills. It is with these crystalline 
rocks, chiefly plutonic and metamorphic, that this report will primarily 
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deal. There will also be described some of the outstanding geomorphic 
features and their relationship to the bedrock geology. 


BASIS OF THIS REPORT 


In April, 1933, Woodford spent a few days in the Sierra as a member 
of a party headed by Dr. A. M. Vollmer, of San Francisco. This party 
was guided by Salve Meling, of San José ranch, who lives in the western 
foothills and runs cattle on the plateau. The next year Mr. Meling made 
it possible for Harriss to be in the region from March 20 to August 16 
and to spend about half that time in study of the geology. It was planned 
to have aerial maps made and to return the following year for more- 
detailed work. But the Mexican War Department refused to permit 
the making of the maps by a United States company, and, subsequently, 
Harriss went to Arabia for a term of years; so that no more field work 
was done. The rock samples from the Sierra and western foothills have 
been studied petrographically, with the aid of 125 thin sections. Also, a 
map showing geology and drainage has been compiled from the authors’ 
field records by Edgar Bailey, of Stanford University. 

In brief most of the field work was done by Harriss and most of the 
laboratory work by Woodford. This report has been written by Wood- 
ford and approved by Harriss. 
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PREVIOUS WORK 


The writers found little published information concerning the geology 
of the Sierra San Pedro MaArtir. In fact, the only papers seem to be those 
growing out of the visits of Nelson in 1905-1906, and of Teodoro Flores 
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and Pedro Gonzales, Jr., about 1911. Nelson (1921) described the geog- 
raphy of the region, and his description was recast in more definitely 
genetic terms by Davis (1921). Flores and Gonzdles (1913) discussed 


Ficure 1.—Northern Baja California 
¥ Showing region studied and position of Plate 7. 


the physiography and briefly described the rocks as dominantly granitic, 
with a partial cover of older gneisses and mica slates, and numerous peg- 
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matite dikes. Later, Flores (1930) described some of the minerals of 
the pegmatites and concluded that the dikes are in part of aqueo-igneous 
origin, in part true igneous injections. 


SALNAS 


Ficure 2.—Strip map across Baja California 
Showing Sierra San Pedro Martir and position of Plate 7. 


GEOGRAPHY 


The region studied and shown on the geological map (PI. 7) includes 
the central and south-central portions of the Sierra, comprising one-half 
or more of the whole plateau, and the western foothills from the Sierra’s 
base to points about halfway to the Pacific. The location of this area 
is shown in Figures 1 and 2. Figure 1 is a map of all northern Baja 
California, and Figure 2 shows a strip across the peninsula on an inter- 
mediate scale. 

The summit plateau is a region of slight to moderate relief, with for- 
ested ridges and valleys, and here and there extensive alluviated mea- 
dows. There are two marginal ridges which rise 500 to 1000 feet above 
the general plateau surface. The western ridge is smooth-crested, but 
the one on the east is somewhat serrate, especially midway, where the 
three Encantada peaks rise east and northeast of Ciénaga Encantada. 
The eastern scarp is cut by deep canyons, and between two of these, 
Cajfion del Diablo and Cajion de la Providencia, northeast of La Encan- 
tada, there rises La Providencia peak, determined by the United States 
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Coast and Geodetic Survey to be 10,126 feet above the sea, the highest 
point on the peninsula. La Providencia peak also has many other names 
(Meigs, 1935), of which El Diablo is the one currently used by the people 
. of the district. The plateau drainage is northwest and southwest, north- 
west around the end of the western ridge into Arroyo San Rafael, and 
southwest in a series of winding brooks, which leave the plateau in falls 
and rapids, and most of which unite to form Santo Domingo River. This 
river enters the ocean north of San Quintin Bay and is the only stream 
in all northern Lower California which flows to the sea the year round. 
On August 12, 1933, the principal affluent of the Santo Domingo was 
estimated to be running 2 cubic feet per second on the plateau below 
Ciénaga La Grulla, and one of the other tributaries % cubic foot per 
second. At this time the streams were probably at rather low water. 
Earlier in the year, April 15, 1933, the San Rafael near Cerro Blanco 
was carrying more than 5 cubic feet per second. 

In the western foothills there is, between the San Rafael and the Santo 
Domingo, a third stream which gathers in Arroyo San Telmo the drain- 
age which originates below the bold western scarp of the central Sierra. 

In the area covered by the geological map there are few habitations 
and no towns or villages. Just outside the area, down San Telmo arroyo, 
is the little village called San Telmo. 

The places shown on Plate 7 are here listed, together with their approx- 
imate elevations by barometer. In the foothills, from northwest to 


southeast: 
Feet 
Cerro Blanco (prominent peak): 5, 
Las Encinas (camp site, on San Rafael drainage)................... 4,400 
La Jolla (cabin on upper Arroyo San Telmo)....................... 3,800 
Socorro (abandoned mine 4,000 
Corazén de Oro de Jestis (mine buildings)........................5- 4,000 


In the zone of scarps between foothills and plateau, from northwest to 
southeast: 


Concepcién (ciénaga or meadow with corral)....................... 4,600 
Ciénaga Soto (camp site in upper of two ciémagas).................. 5,600 
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Freer 
The Oaks (ciénaga; translated from Les Encinas to distinguish from 
On the plateau, from northwest to southeast: 
Feer 
La Corona Pass across western ridge (just northeast of Ciénaga 
Vallecitos (camp site in large 7,600 
La Providencia (detached peak, elevation from United States Coast 
Lower Vallecitos (small ciénaga west of La Grulla)................. 6,500 
La Encantada (cabin in 7,000 
La Grulla (two cabins in’ ciénaga): 6,700 
Ciénaga Santa Rosa (largest on plateau, central playa).............. 6,600 


San Pedro Martir (abandoned mission) ; 
Santa Eulalia (inhabited 
San Ramon (ciénaga about 3 miles north of Santo Tomas).......... 


On the eastern desert: 


Aguas Calientes (hot springs in ravined bedrock, 2 or 3 miles east of 

The elevations are by barometer. Two instruments were used; one, 
an airplane altimeter, proved far more reliable than the other. The 
observations were corrected for diurnal and longer periodic variations, 

but not in’ any really satisfactory fashion. The range of observations 
at San José ranch house was from 1,800 to 2,630 feet, and the best con- 
trolled value 2,150 feet. It is thought that the value chosen for San José, 
2,200 feet, is within 200 feet of the true elevation above the sea. Some 
other stations, such as Buena Vista, La Jolla, and the series Lower Valle- 
citos, La Grulla, La Encantada, were checked quickly or frequently 
against San José, and their elevations are thought to have been deter- 
mined within 300 feet. The relative elevations of the summit ciénagas, 
with the exception of the northern Vallecitos, were checked several times; 
hence, the differences in these cases are thought to be somewhat more 
reliable than the absolute values. Elevations are close to those given for 
some of the places by Nelson (1921) and Cudahy (1928), with the excep- 
tion of La Jolla, but some are widely different from those of Flores and 
Gonzales (1913). 

San Telmo hamlet is connected with Ensenada and other coastal vil- 
iages by road. A rough road extends up Arroyo San Telmo and cuts 
across its big southern bend to San José ranch, and a branch road reaches 
Buena Vista ranch. Trails connect most of the places shown on the map 
(Pl. 7); some of them are fairly good. 


5,100 
5,900 
Feet 
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THE ROCKS 
GENERAL STATEMENT 


The following formations are distinguished: 


A) Metamorphic rocks 


/ 1) San Telmo formation. Slate, mica-schist, quartzite, crystalline limestone, 

abundant and varied meta-volcanic rocks. Range from slightly altered 

sediments with abundant but poorly preserved fossils, to rather coarsely 
crystalline schists. Also very coarsely crystalline and complex contact zones, 
mapped with this formation. Chiefly in the foothills. 

2) Santa Eulalia formation. Typically coarsely banded granitic gneiss or quartz- 
biotite gneiss. Numerous pegmatites. Injection gneiss. Also mapped with 
this formation are one or two small areas of limestone, quartzite, and other 
rocks of San Telmo type. Chiefly on the plateau. 


B) Granitic rocks 


1) Oldest. Encina Sola quartz-hornblende diorite. Dark-colored (usually), low 
in quartz. Mildly metamorphosed, with blurring of igneous texture and de- 
velopment of diopside and epidote. 

2) San José quartz-hornblende-biotite diorite. Fresh, coarse-grained, rather 
dark-colored, gneissic. By far the most widespread plutonic. 

3) La Grulla biotite granodiorite, some with hornblende, some with muscovite. 
Rarely of granitic composition. Light-colored, coarse-grained, massive. Al- 
most surrounded by San José quartz diorite in the largest intrusive mass, 
on the plateau, and apparently also in one smaller mass. Not certainly found 


elsewhere. 
{ 4) La Providencia biotite-muscovite granite. Light-colored, rather fine-grained, 
: massive. Single area on eastern ridge. 


C) Alluvium. Present valley and ciénaga filling. Also high-level terrace deposits, 

not mapped. 

GEOLOGICAL MAP 

The map on which the geology has been plotted (Pl. 7) was based 
primarily upon Chart No. 1149 of the United States Coast and Geodetic 
Survey, which shows the Pacific coast line and Calamahue (La Provi- 
dencia) peak. The projection was changed slightly, from Mercator to 
a modified cylindrical equal-spaced projection (Deetz and Adams, 1934, 
p. 32). A Brunton compass triangulation net was then plotted, beginning 
with points from which it was possible to see easily identifiable coastal 
points, such as the San Quintin voleanoes (Woodford, 1928), Cape Col- 
nett, and Camalu Point. La Providencia peak was only rarely useful 
as a primary point. Numerous sketch maps made in the field were then 
adapted to fit the triangulation net, and the resulting general map 
checked and adjusted from the traverse records. The resulting map fits 
the various records surprisingly well, though a number of triangulation 
points would not check out and so were neither used nor shown upon 
the final map. Some errors may have been due to local magnetic anoma- 
lies, or even to the general Baja California anomaly described by Gallo 
and discussed by Schwinner (1932). Parenthetically, it may be noted 
that the writers did not find exposed in the central part of the peninsula 
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the great mass of magnetic substances postulated by Gallo. It is hoped 
that most of the points and drainage lines shown are within a mile- of 
their true positions with respect to the coast line, and considerably more 
accurately located with respect to each other. The least accurate loca- 
tions are Vallecitos in the northern part of the plateau, the southeastern 
extension of the map to Aguas Calientes, and the courses of parts of the 
San Rafael and lower Santo Domingo drainages. The San José-Buena 
Vista district was only connected with Socorro, Corazén, and the plateau 
through La Jolla group of stations. Due to some error in this roundabout 
triangulation the San José-Socorro distance on the map is at least a 
mile greater than it should be on the basis of field sketches and travel 
times. 

The accuracy of the geological boundaries varies greatly in different 
parts of the map. Route lines are shown to indicate the degrees of reli- 
ability, or unreliability, of the contacts. In the vicinity of San José and 
Corazén, especially, not all routes traversed are shown. These two dis- 
tricts were rather carefully mapped, but elsewhere some contacts are 
highly uncertain, notably for La Providencia granite in the northeast 
and for the various rocks around San Antonio and San Ysidoro in the 
southwest. 

NOMENCLATURE 

Coarse-grained igneous rocks, containing both light and dark constitu- 
ents, are named in the following fashion, in an attempt to conform to 
prevalent usage: 


Quartz present, predominant feldspar orthoclase (or micro- 


If albite is also abundant (> 10 percent)................... soda granite 
Quartz present, predominant feldspar oligoclase or andesine, 

Quartz present, oligoclase or andesine practically the only 

Quartz absent, oligoclase or andesine the principal, and usu- 

Quartz absent, feldspar at least as calcic as labradorite, rhom- 

Like gabbro, but with rhombic pyroxene abundant (> 10 


Fifty percent An is taken as the dividing line between andesine and lab- 
radorite. Plagioclase identifications were checked by using several meth- 
ods, commonly including the determination of indices of refraction and 
extinction angles in oils. 

The fine-grained equivalent of diorite will be called andesite, and of 
gabbro, basalt. Fine-grained igneous rocks which have been partially or 
completely recrystallized with the preservation of clear indications of 
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their original textures will usually be. called meta-volcanic rocks, or 
meta-andesites, meta-porphyries. The only exceptions will be where 
minerals not originally present have formed in abundance, for which 
the terminology of metamorphic rocks will be used, as outlined below. 
Banded or fissile metamorphic rocks will be called slates (or phyllites) 
if the mineral grains are mostly too small to be distinguished with a 
hand lens, and schists if most of the individual grains can be seen, but 
not necessarily identified, with the naked eye, and the bands are less 
than two millimeters in thickness. A coarse-grained rock with bands 
more than two millimeters in thickness will be called a gneiss. A fine- 
grained rock with coarse banding would be called a banded slate (or 
phyllite). For rocks studied in thin sections, the names of minerals 
present in amounts greater than 10 percent will be added as modifiers, 
in the order of decreasing abundance. Massive metamorphic rocks, other 
than quartzite and crystalline limestone, will be called rocks, qualified 
as in the cases of schists and gneisses by the names of minerals present 
in quantities of more than 10 percent, in order of decreasing abundance. 


SAN TELMO FORMATION 


General description—The San Telmo formation is a varied one, made 
up of metamorphosed sediments and volcanic rocks. Perhaps the most 
typical rocks are slates, phyllites, quartzite, meta-conglomerate, crystal- 
line limestone, and fine-grained schists, but meta-voleanic rocks are 
abundant, especially west of San José ranch. In the east, and near plu- 
tonic contacts, coarse schists and gneisses occur. It is thought that with 
further work the rocks here called San Telmo could perhaps be subdi- 
vided into two or more formations, possibly of widely different ages. 

The type section is taken along Arroyo San Telmo, west of La Jolla 
and northeast of San José ranch, but 30 miles or more east of the village 
of San Telmo. Here, between the San José ranch and La Jolla quartz 
diorite masses, are slates or phyllites, quartzite, meta-conglomerate, meta- 
porphyry, and meta-tuff, mostly dipping steeply northeast, and with an 
apparent thickness of 10,000 feet or more. ‘The slaty rocks are bluish 
when fresh, but oxidation makes many outcrops strikingly rusty. Within 
half a mile of the granitic rocks, contact action has resulted in more 
coarsely crystalline schists and gneisses without relic structures and made 
up chiefly of quartz, feldspar, hornblende, and biotite. 

Meta-voleanic rocks are especially abundant west and southwest of 
San José ranch. In one area, near Arroyo San Telmo, 5 to 7 miles west 
and southwest of San José ranch, slightly altered porphyries, mapped as 
San Telmo, may more properly belong with the Tertiary extrusives so 
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prominently developed northwest and southeast of this area (Darton, 
1921). 

Around Buena Vista ranch, northwest of San José, the limestones and 
shales show only incipient metamorphism, and contain numerous fora- 
minifera, and rarer gastropods, corals, globose echinoids, and perhaps 
other organic remains. The fossils seem to be indeterminate but they 
have a Mesozoic aspect. 

In the type section west of La Jolla the alternation of rock types shows 
that bedding and schistosity are roughly parallel. However, southeast 
of Socorro, in this same belt, and also near Buena Vista, schistosity or 
slaty cleavage were observed to differ both in strike and in dip from 
the bedding by moderate angles (e.g., 30°). 


Petrography.—Three specimens are taken as representing the main 
mass of the type section west of La Jolla. 


TFH 172A1, from the north side of the Arroyo somewhat more than a mile west 
of La Jolla, may be called a gray phyllite, though cleavage is splintery and the 
hand specimen has almost the appearance of a fine-grained mica schist. But even 
the hand lens shows that the biotite porphyroblasts make up only a small portion 
of the rock. These platy porphyroblasts of brown biotite (Pl. 5) are 0.1 to 0.2 mm 
across; most of them lie in, and determine, the schistosity, but some lie squarely 
across it. The groundmass grains, fuzzy and overlapping, perhaps average 10 microns 
in diameter. Pyrite and calcite are present in lenses and streaks, 0.1 to 0.3 mm or 
more in length, parallel to the schistosity. There are also oval quartz grains, 0.05 
to 0.1 mm across. Quartz is probably also the mosaic base for the inclusion-filled 
groundmass. The inclusions are mostly opaque, minute specks; many are in clumps 
or strung out, giving a vague microscopic banding. No feldspar or muscovite was 
found. The rock might be called a quartz-biotite phyllite, with calcite and pyrite. 

AOW 1812C, from the San José-Socorro trail, about 2 miles west of Socorro and 
1 mile east of the quartz-diorite contact, is a fine-banded quartzite which contains 
a few 1- to 2-mm pyrite cubes. The even-granular quartz mosaic is made up of 
grains 15 to 20 microns across, showing undulatory extinction. The arrangement of 
inclusions suggests a relic texture of slightly larger sand or silt grains, with boundaries 
unrelated to the present crystalline mosaic. Some fine muscovite and altered 
biotite were found, but the rock is a pure quartzite except for the percent or two 
of pyrite. 

AOW 1813B, from a point just southwest of the old Socorro mine on the San 
José trail, is a dense, splintery, blue-gray to rusty rock with a roughly prismatic 
rather than.a slaty cleavage. Under the microscope it is seen that the rock is largely 
a felt of roughly aligned, tangled needles of pale-green hornblende, alpha approxi- 
mately 1.650 and extinction angle 22°. The needles are 3 to 10 microns thick and 
fifteen or twenty times as long. There are a few large (half-millimeter) oligoclases, 
most of which have blurred outlines and are fairly well filled with hornblende inclu- 
sions. There is also a little doubtful zoisite, a few stringers of quartz mosaic, and 
a sparse peppering of the whole rock with limonite, which may be after pyrite. 
Sharply bounded clear spots a millimeter or two across are relatively coarse-grained, 
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made up of approximately equal quantities of hornblende needles and oligoclase 
laths, both constituents 50 to 200 microns in length. There are also other spots 
of distinctive appearance. Texture and composition suggest a rock originally pyro- 
clastic (Pl. 5, fig. 4). 

By contrast with the type section, a slate from Buena Vista (TFH 38A1) appears 
almost unmetamorphosed, with bands of fine-grained silty sandstone and limey silt- 
stone, each several millimeters in width. The limey parts contain clear calcite spots, 
some of which show structures which may be organic. The determinable grains of 
quartz and biotite are all thought to be clastic. 


Buena Vista is in the midst of the slates. Four miles southwest, along 
the San Telmo-San José road and south to Arroyo San Telmo, the prev- 
alent, resistant rock, which outcrops in high ridges, is a massive porphyry, 
which has probably undergone hydrothermal (deuteric) alteration. It 
is this belt of resistant rocks which the writers consider possibly Tertiary, 
as already mentioned, but more probably it belongs with the slightly 
metamorphosed portions of the San Telmo formation, such as that near 
Buena Vista. An example, AOW 1806B, comes from the San Telmo- 
San José road, 6 miles due west of San José, and near the contact with 
plutonic rocks (locally gabbro). The slide shows numerous pheno- 
crysts, many of which are greatly corroded; some are slightly rounded 
crystals, and others look like angular fragments. Most of them are 
twinned or untwinned albite, but quartz and blue-green hornblende are 
not rare. Many of the phenocrysts are as much as a millimeter in di- 
ameter, and they make up about one-fourth of the rock. The ground- 
mass is nearly even-granular, with most grains between 15 and 40 
microns in maximum diameter. There are numerous little hornblendes, 
but the groundmass is dominantly composed of colorless minerals, which 
are doubtfully identified by their refractive indices as untwinned albite 
and quartz. “ 

Other examples, farther south, appear to be altered andesite or basalt, 
with some epidote newly developed. 

On the desert east of the Sierra San Pedro Martir, at Aguas Calientes, 
the rocks are fine-grained, and not greatly different from some of those 
in the San Telmo type section. An example (TFH 127A1) is made up 
of vague bands several millimeters thick. Some bands are micaceous 
quartzite, with 5 per cent of muscovite in streaks and clumps, and con- 
siderable (perhaps 15 per cent) of opaque material in minute, widely 
strewn grains. Other bands are made up of quartz and calcite, with a 
little doubtful tremolite. 

The greater part of the San Telmo formation appears to belong to the 
biotite zone of metamorphism (Harker, 1932). 

Contact Facies—Near contacts with quartz diorite the San Telmo 
rocks are completely and coarsely crystalline, usually invaded by peg- 
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matites and quartz veins and in general very similar to the Santa Eulalia 
formation. In the contact zone just west of La Jolla, there were col- 
lected the following rocks: 


1) TFH 43A1, 60 meters west of the contact. Quartz-plagioclase-biotite-horn- 
blende rock, with sieve hornblendes and other striking crystalloblastic features. The 
hand specimen looks like recrystallized pebbly sandstone, and under the microscope 
the apparent pebbles are found to be composed of crystal grains which are of dif- 
ferent sizes in different pebbles. 

2) AOW 1838B, a little farther from the contact. Quartz-biotite-orthoclase spotted 
gneiss, with muscovite. Biotite-rich spots and laminae are features. Quartz is prob- 
ably two-thirds of the rock. 

3) AOW 1839A2, still farther from the contact. Fine-grained quartz-biotite-mus- 
covite-feldspar rock, with both orthoclase and plagioclase, the latter in vague gran- 
ulated ghosts. Possibly a metaporphyry. 

4) AOW 1839B, half a mile from the contact at La Jolla, and just short of the 
monotonous succession of slaty rocks. A quartz-hornblende gneiss which in hand 
specimen seems to show relic brecia structure. The blue-green hornblende is ragged 
and full of inclusions. Accessories include epidote, deep-brown biotite, pale chlorite, 
sphene, and an iron ore surrounded by leucoxene. 


Other contacts with the quartz diorite are similarly characterized. 
From the same (La Jolla) contact farther north, near Las Encinas, there 
was studied a quartz-calcite-biotite-hornblende banded schist with a 
very fine quartz base and calcite spots which may once have been fora- 
minifera. 

Several samples were studied from the contact zone between the San 
Telmo formation and the San José ranch quartz diorite mass. North- 
east of the ranch a sample (TFH 149B1) 50 meters from the contact, 
and including one of numerous granitic dikelets, is mainly quartz- 
diopside-oligoclase rock, with a little chlorite. Northwest of the ranch, 
on the road to San Telmo village, 25 feet from the granitic contact, a 
sample (AOW 1840C) is a faintly banded quartz-hornblende-plagioclase 
rock, with pyroxene. The hornblende has Z pale yellow green, and the 
associated pyroxene is colorless in section and has an extinction angle 
doubtfully determined as 49°, Z to cleavage. Quartz spots are granu- 
lated, and the hornblendes are of sieve type. Southwest of San José 
ranch and south of Arroyo San Telmo, TFH 90A1, 90A2, and 91A1, all 
within a few hundred meters of the quartz diorite contact, are quartz- 
feldspar-hornblende-diopside rocks, with the hornblende showing Z blue- 
green, and the feldspar both orthoclase and twinned and untwinned 
oligoclase or andesine. These rocks in the field are obviously metamor- 
phosed conglomerates and sandstones, and even in thin section relic 
pebbles can be made out, despite the completely crystalline texture. Relic 
pebbles are rounded, slightly distorted, and include quartz and feldspar 
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porphyries. On Cerro Hechicera, southwest of San José, limestone has 
been transformed into garnet rock with diopside inclusions. The very 
pale brown garnet locally shows big dodecahedral faces. _ 

Far to the west, on the San Telmo-San José road, 10 miles east of San 
Telmo village, the San Telmo formation near a quartz diorite contact 
has become a quartz-orthoclase-cordierite? hornfels, with oligoclase- 
andesine also present, which shows faint, contorted banding in the hand 
specimen. The supposed cordierite is negative with moderate 2V, and 
lacks twinning. Big porphyroblasts of orthoclase and, more rarely, 
plagioclase, and rare biotite clumps, suggest that the original rock may 
have been a porphyry, but in view of the granulation of the groundmass 
this is far from certain. 


SANTA EULALIA FORMATION 


On the San Pedro Martir plateau and along its western margin the 
plutonic masses are enveloped by broad belts of gneisses and other 
coarsely crystalline metamorphic rocks. A rather small part of these 
are highly siliceous quartz-biotite gneisses, and a still smaller portion 
feldspathic quartzite and crystalline limestone with lime silicates. Still 
other rocks are fine-grained schists. But the main types are coarsely 
banded quartz-plagioclase-biotite gneiss and similar rocks, many with 
garnet. Some of these gneisses are more than half quartz; others are 
close to quartz diorite and granodiorite in composition. Pegmatites are 
numerous, and some of the gneisses are obviously of injection origin. 
The type area is from Santa Eulalia north to the vicinity of Ciénaga 
Santa Rosa. 

A sample from the eastern edge of the plateau in the type area north- 
east of Santa Eulalia (TFH 125A1) is a quartz-plagioclase-biotite gneiss 
(Pl. 5, fig. 1). More than half is clear quartz with extinctions sharp to 
slightly undulatory. The only other abundant minerals are anhedral 
oligoclase-andesine, with numerous twin-lamellae, and deep-brown bio- 
tite, in about equal quantities. There are also present pale-pink garnet 
(clear, anhedral, not rare), slightly magnetic ilmenite?, and a very little 
pyrite. The rock is coarse-grained, with many quartzes 2 mm. long. 
The structure is regularly gneissic, with dark and light bands 1 to 5 mm. 
thick. In the type area, as elsewhere, pegmatites are common. Farther 
north, between Santa Rosa and La Encantada, the rocks are similar to 
those of the type area, with the addition of hornblende schist and (near 
Alcatraz) chlorite schist. Injection by the pale La Grulla granodiorite 
is notable in this area. 

Northeast of Vallecitos the Santa Eulalia formation is chiefly con- 
torted quartz-biotite gneiss with muscovite and plagioclase (PI. 3, fig. 2). 
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Quartz makes up three-fourths of the rock. Under the microscope it 
shows fairly sharp extinctions and is relatively clear, with some trains of 
minute inclusions and a few shreds of muscovite or minute needles of 
tremolite (doubtful, because of apparent extinction angles up to 40°). 
The biotite is of rich red-brown color, uniaxial, and with moderate double 
refraction (.045). The plagioclase includes both twinned oligoclase and 
untwinned albite. Some feldspars are full of minute inclusidns. Muscovite 
is present both as large flakes and as minute shreds in quartz. Quartz and 
the micas are present in grains many of which are as much as a millimeter 
long. Mica flakes curve about and envelop many quartz grains (PI. 5, 
fig. 2). The gneissic bands are usually vaguely outlined, but some are 
sharp, and range in thickness from 1 millimeter to 2 or 3 centimeters. 
A local variant is a quartz-biotite-sillimanite gneiss, the sillimanite being 
segregated in inch-long sheaves. 

The quartz-biotite gneiss at Vallecitos is invaded by quartz-biotite 
diorite or granodiorite, with muscovite, in dikelets and lit-par-lit injec- 
tions 2 or 3 centimeters thick, and also as much larger irregular masses 
10 or 20 feet across, some of which have a pegmatitic texture. 

The quartz-rich gneiss found at Vallecitos is probably also the principal 
rock of the ridge which rises above the plateau at its eastern edge, at least 
as far south as the northern of the three Encantada peaks, southwest of 
La Providencia summit. At the northern Encantada peak the rock is a 
quartz-muscovite-biotite gneiss, 80 percent quartz, and also containing 
some garnet, plagioclase ranging from albite-oligoclase to andesine, and 
minute needles of probable tremolite or actinolite in the quartz. Here, 
also, there is invasion by various plutonic rocks. 

The gneisses of the western foothill belt, north and northeast of La 
Jolla, also include quartz-biotite gneiss and varied schists, but in general 
they are nearer to quartz diorite in composition than are those already 
described. Biotite is the chief accessory, but green or blue-green horn- 
blende may be present. Quartz is commonly more abundant than 
plagioclase, and the latter may occur as ragged, inclusion-filled, vaguely 
extinguishing porphyroblasts (AOW 1837A, east of Concepcién); or 
2-inch tetragonal trisoctahedrons of deep-red garnet may be distributed 
fairly abundantly through a gneissic quartz-hornblende-biotite diorite 
(TFH 63A1, near Arroyo San Rafael). In this case the main rock has 
25 or 30 percent of dark minerals, chiefly a hornblende which is only 
marginally blue-green. Around each garnet there is, however, a half-inch 
zone without dark minerals. In the northern foothills, injection gneisses 
were observed and also numerous pegmatites. 

The most arbitrary contact drawn is that between the San Telmo and 
the Santa Eulalia formations from a point near La Jolla south to Corazén 
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Ficure 3—Geological map of vicinity of Corazén de Oro de Jestis mine 


mine, and beyond. A detailed geological map (Fig. 3) of a small area in 
the vicinity of the mine illustrates the conditions. There are concordant 
bands of schist, granitic gneiss, pegmatite, aplite, and meta-porphyry. 
The schists include amphibolite and quartz-hornblende-plagioclase schist 
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with magnetite and mottled by millimeter spots of the colorless minerals. 
Both rocks are finer grained than is usual in the Santa Eulalia. The gneiss 
was studied only in the field; it is probably quartz-biotite diorite gneiss. 
The pegmatites are high to very high in quartz, in some places practically 
quartz veins. The meta-porphyry is very light-colored, with irregular 
phenocrysts or porphyroblasts which seem to include both orthoclase and 
untwinned albite, and a banded groundmass which is very fine-grained 
and is doubtfully determined as composed chiefly of quartz, with some 
magnetite. There are also great eyes, an inch thick and 4 inches long, 
composed of inch-long dark-green epidotes and dark-brown garnets in a 
base of quartz and albite (some with sharp twinning, most without). 
The meta-porphyry is not unlike rocks abundant in the San Telmo for- 
mation. The writers do not know which is younger, meta-porphyry or 
gneiss, but they think that the gneiss is. The contact between San Telmo 
and Santa Eulalia is drawn arbitrarily at the northeastern margin of the 
meta-porphyry. 

A small area, perhaps a few hundred yards across, east of Santo Tomas 
ciénaga, is made up of rocks of San Telmo type, but mapped with the 
Santa Eulalia. The rocks are meta-sediments, feldspathic quartzite and 
marble; nearby, there is quartz-diopside-garnet rock. 


ENCINA SOLA QUARTZ DIORITE 


The type area is southeast of San José ranch, and includes Cerro 
Encina Sola. Here the prevailing rock is a meta-quartz-diorite, a pale- 
green to dark-green massive rock, with 10 to 25 percent quartz, feldspars 
ranging from fresh calcic oligoclase to sodic oligoclase spotted with clino- 
zoisite or epidote, and ferromagnesian minerals ranging from diopside to 
blue-green hornblende, actinolite, or even brown biotite. Sphene is in- 
variably common, and may be associated with ilmenite or rutile. The 
feldspars are full of inclusions of most of the other minerals, and many of 
the boundaries ‘are blurred (PI. 6, figs. 5 and 6). The quartz commonly 
appears vein-like or granulated. 

A narrow belt along the west side of the mass is a meta-porphyry of 
similar composition, with phenocrysts or porphyroblasts of plagioclase 
and chlorite, and very little quartz. 

The darker-green variety of the quartz diorite locally contains 
numerous still darker inclusions a few centimeters across. At one locality 
a coarse hornblende-apatite phase was found, with 30-millimeter apatite 
prisms (TFH 212A1). 

At the southern tip of the type area the rock is an unaltered orbicular 
diorite composed of about equal quantities of andesine (40 to 45 percent 
An) and deep-brown hornblende. The hornblende is very pleochroic, with 
X yellow, Y = b deep olive green, and Z A c 20°-22°, dull dark green 
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with a brownish cast. The mineral is: neg:, with 2V estimated to ihe 
between 60° and 75°, and y-a is .022 + .002. 

The porphyry. and the orbicular rock are both intrusive into: the San 

Telmo metamorphic rock, and both are, in turn, intruded by San José 
quartz diorite. 
Other areas of dark, rather massive, hornblende-rich 
dioritie rocks occur near Las Encinas, north of Las Cochas and about San 
Antonio. ‘They were not studied microscopically and are only doubtfully 
correlated with the Encina Sola quartz diorite. 


SAN JOSE QUARTZ DIORITE 


The rock most extensively exposed in the map area is the San José 
gneissoid quartz-biotite-hornblende diorite, a fresh, coarse-grained rock 
with abundant dark minerals. The type area is at San José ranch. In 
five slides from localities well distributed through this mass no orthoclase 
was observed, and the plagioclase, somewhat zoned, making up about half 
the rock, averages andesine or calcic oligoclase. The dark minerals com- 
prise 25 to 30 percent of the rock. Hornblende here equals or exceeds 
biotite and is of the blue-green variety, with X yellow-brown, Y olive- 
green, and Z blue-green, all colors rather dark. Locally there is a little 
pale yellow-brown, non-pleochroic augite as irregular cores in hornblende. 
The biotite has pleochroism from pale yellow to rather deep brown, and is 
commonly associated with a little marginal chlorite, which has + elonga- 
tion, very low double refraction, and some pleochroism from yellow to 
pale green. A little epidote may be present. Magnetite is the most abun- 
dant accessory, with apatite common and zircons not rare, those in biotite 
with striking pleochroic haloes. Sphene is rather rare in small, irregular 
bits. There is a little iron ore surrounded by sphene (?). The major con- 
stituents occur mostly in grains 1 to 5 millimeters in maximum diameter; 
plagioclase is locally subporphyritic and up to 15 millimeters long. 

On the plateau, and extending into the western foothills, is the largest 
plutonic mass of the area. This mass -is marginally San José quartz 
diorite, but it has a central light-colored portion which will be called La 
Grulla granodiorite. Eight slides of the quartz diorite are similar to 
those from the San José mass, except that the grain is coarser, commonly 
2 to 10 millimeters; biotite almost invariably exceeds hornblende and is 
rarely accompanied by muscovite; a little orthoclase is commonly present; 
and sphene is a striking constituent in large euhedral crystals. In one 
or two specimens the hornblende is the ordinary green variety, rather 
than blue-green. ae 

Another area extending west and southwest from Santa Eulalia was 
only touched upon in this work. The two samples studied microscopi- 
cally were both taken on the long traverse southwest from Santa Eulalia. 
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Ficure 1. La Provipencia Peak 
From the southwest, looking across the head of Arroyo Diablo 
from North Encantada Peak. Large, dark-colored inclusion 
(bottom of view) is cut by light-colored dikes. Photograph 
by Charles Fulmer. 


Ficure 2. CONTORTED QUARTZ-BIOTITE GNEISS 
Northeast edge of Ciénaga Vallecitos, near camp shack. Photomicrograph of this rock is 
shown in figure 2 of Plate 5. Photograph by Charles Fulmer. 
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Ficure 1. SuMMIT PLATEAU 
Looking east or southeast. Part of Ciénaga La Grulla (right middle distance) appears as a narrow 
light streak running from left to right. The skyline is the eastern marginal ridge of the plateau. 
Photograph by Charles Fulmer. 


Ficure 2. CrfNaGa ENCANTADA 
Shallow stream channel at the left; tumbled joint blocks of La Grulla granodiorite at the right. 
Photograph by J. E. Wolff. 
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The more characteristic is a quartz-biotite-hornblende diorite with ande- 
sine and noteworthy sphene crystals. The other is a gneissoid biotite 
granite, with unusually small micas, and containing hornblende-rich spots 
which may be segregations. East of Santo Tomas, large quartz crystals 
like those of the La Grulla granodiorite are common. 

Of the half-dozen other areas of San José anor diorite whieh are 
shown upon the map, three were ' 
studied microscopically, with one 
slide each from the Concepcion, 
Las Encinas, and upper Valladares 
masses. All are of the usual type, 
except that the Valladares sample, 
taken close to the metamorphic 
contact, lacks biotite. A fourth 
sample, from the northwest edge 
of La Jolla mass and not consid- 
ered typical of it, is a soda granite, 
with biotite, chlorite, and rare mus- of country rock. 
covite. 

The San José quartz diorite sends dikes and sills into the Santa Eulalia 
and San Telmo formations, and the junctions with the latter are marked 
by broad contact zones. Apparently the San José is also intrusive into 
the Encina Sola quartz diorite. 

A constant and striking feature of the San José quartz diorite is its 
banding. In some places, especially on the San Pedro Martir plateau, 
‘the dark minerals are gathered in vague, sinuous bands, which may en- 
close eyes of white minerals. More commonly, the dark minerals are 
evenly distributed through the rock, but the biotite cleavages and the 
hornblende prism axes lie in a series of parallel planes, giving a rock 
cleavage without real color-banding. In both types, cross jointing is 
absent or irregular. 

Poorly bounded tabular and spindle-shaped dark inclusions or segrega- 
tions are locally common (Fig. 4), especially near metamorphic contacts. 
They are due to concentrations of the same dark minerals which are pres- 
ent in the general mass of the rock. Their sizes are various, usually be- 
tween one inch and two feet in length. These inclusions or segregations 
lie with their greater dimensions in planes which approximately parallel 
those determined by individual biotite and hornblende crystals. Linear 
structure was also noted, but its orientation not recorded. The “planes” 
‘are commonly curved surfaces, and the dark inclusions may even show 
swirls. In almost all places, the planes near metamorphic contacts are 
‘approximately parallel to the margin of the intrusive, and usually also 
to the schistosity in the country rock. Exceptionally, the banding of the 
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intrusive, especially in relatively small offshoots, is parallel to the walls 
of the intrusive, but it cross-cuts, and may even be perpendicular to, the 
schistosity of the metamorphic rocks. The evidence seems to indicate 
rather definitely that the San José banding is flow structure, and that the 
intrusive masses are concordant to subconcordant, conformable, and, 
commonly, harmonic plutons or parts of a single pluton (Cloos, 1936, p. 
75). Whether they are syntectonic is another question. 

In addition to the small tabular bodies already mentioned, there are 
larger masses of schist, quartzite, and other rocks, included in the San 
José near its margins, some of which seem to be in process of assimilation. 
They were not studied microscopically. A good example is at the Corazon 
mine. Other places where big inclusions are especially abundant near 
contacts are south of the San José-Socorro trail, on the plateau near Santa 
Eulalia, and just east of Santo Tomas. At the last-named locality, a slab 
of quartzite has a dark rim, evidently due to reaction. 


LA GRULLA GRANODIORITE 

In the central region, which includes La Grulla ciénaga, the rock is a 
massive, light-colored biotite granodiorite with a little muscovite. As 
one goes out from this center, orthoclase decreases to little or none, the 
dark minerals increase, and finally a gneissoid structure is developed. 
From this point on, the rock is called San José quartz diorite. 

The rock at La Grulla is strikingly jointed into great rectangular blocks. 
The relatively small amount of biotite, perhaps 10 per cent, is evenly dis- 
tributed as small flakes, mostly a millimeter or less across. The orthoclase 
is mostly in inch-long (rarely 2-inch) phenocrysts which are crowded 
with inclusions of all the other constituents. Quartz is perhaps the most 
abundant mineral, only rivalled by plagioclase; and much of it is in 5- to 
8-millimeter phenocrysts, which are more or less corroded short prisms 
with pyramids, almost free from inclusions. The plagioclase is notably 
zoned, with slightly varying central zones of andesine averaging about 
35 per cent An, and marginal zones of oligoclase set off sharply from the 
core and averaging about 20 per cent An. The cores are locally porous 
and inclusion-filled, and in many places the marginal zones are myrme- 
kitic. The biotite shows pleochroism from yellow to deep-brown, and 
some of it is intergrown with green chlorite. Muscovite is rather abundant 
in some specimens and may average 8 per cent. Accessories are rare and 
include apatite and minute slender zircons. 

At Ciénaga Encantada, orthoclase is either absent or very rare, making 
the rock a light-colored quartz-biotite diorite. Here and hereabouts the 
quartz phenocrysts are especially abundant. The plagioclase ranges up to 
40 per cent An. Muscovite is present, and green chlorite with anomalous 
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purplish interference tints. Sphene is present in addition to apatite and 
zircon. 

West of La Grulla, porphyritic orthoclase is present almost to the tran- 
sition to gneissoid San José quartz diorite. 

Inclusions and segregations are absent from the central La Grulla- 
Encantada region, and they are very rare throughout the area mapped 
as La Grulla granodiorite. On the 
other hand, pegmatites, which are 
rare or absent in the central re- 
gion, are locally fairly common 
at the north, west, and southwest 
margins near the San José grada- 
tion. 

La Grulla granodiorite and 
quartz diorite are characterized As 

Ciénaga Encantada 
by jointing almost as definitely as : £5 
P, . “ae Showing San José quartz diorite cut by La Grulla 
is the San José quartz diorite by  granodiorite, which is, in turn, cut by pegmatite. 
gneissoid banding. Commonly, 
three systems are developed mutually about at right angles, and, not 
rarely, two or three additional sets can also be made out. At La Grulla, 
one set is approximately horizontal, and the two nearly vertical sys- 
tems strike about N 10° W and N 80° E. At Encantada there are, in 
addition to these three, two more vertical sets striking northwest and 
northeast. These five systems seem to be the prevailing ones, with the 
horizontal set in places the most prominent, in some places the northeast 
vertical set. In still other places, as, for example, west of Encantada, the 
numerous joint systems cannot be correlated with those already listed. 

South of Ciénaga Encantada, La Grulla quartz diorite complexly in- 
trudes the Santa Eulalia formation. Northwest of Ciénaga Encantada 
(Fig. 5) and north of Ciénaga Alcatraz, La Grulla intrudes the San José 
or a similar gneissoid granitic rock, instead of showing the usual grada- 
tional contact. The La Grulla dike shown in Figure 5 has a dark marginal 
selvage which is almost a gradational contact to the San José. 

Northeast of Santa Eulalia there is a small pluton which seems to 
repeat on a small scale the features of the much larger mass to the north- 
west, with central La Grulla granodiorite and marginal gneissoid San José 
quartz-biotite-hornblende diorite with sphene. The supposed La Grulla 
granodiorite is a medium-grained biotite-bearing rock, and sends dikes 
into the San José-like rock. Unfortunately, no specimens were brought 
in from these areas. 


Ficure 5—Map of outcrop northwest of 


LA PROVIDENCIA GRANITE 


The name La Providencia granite is used for the area of pale granitic 
rock at North Encantada summit, which is at the head of Arroyo La 
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Providencia and southwest of La Providencia peak. This rock is similar 
to La Grulla granodiorite and perhaps should be included with it. 

The single specimen studied microscopically is composed of about equal 
quantities of quartz and orthoclase, with plagioclase somewhat less 
abundant, and the remaining 10 per cent of the rock made up of biotite, 
muscovite, and chlorite. The rock is rather fine-grained, with orthoclase 
in relatively big grains, up to 3 millimeters in diameter, and a few quartzes 
almost equally large. The orthoclase is full of inclusions of quartz, biotite, 
and other minerals. The plagioclase is oligoclase with about 25 per cent 
An. The biotite shows pleochroism to deep brown, with strong haloes 
about minute zircons, and has high double refraction (.055-.060). 

The granite of North Encantada summit appeared to continue to the 
summit of La Providencia peak, with some enormous inclusions of darker- 
colored rocks (PI. 3, fig. 1). 

At North Encantada summit, dikes of La Providencia granite intrude 
small areas of a coarse-grained, slightly gneissic quartz-biotite diorite, 
or granodiorite, with orthoclase phenocrysts, which is probably San José 
quartz diorite. At least one of the granite dikes has pegmatitic borders. 


DIORITE, GABBRO, AND NORITE 


Diorite——A few dikes, sills, and other small intrusive masses are diorite, 
gabbro, or norite. There is hornblende diorite on the Socorro trail, about 
5 miles east of San José. It is surrounded by the San Telmo formation 
and is presumably a younger intrusive, as it is fresh and undeformed. The 
feldspar is zoned with striking contrast between the cores of sodic labra- 
dorite and the rims of andesine (40 per cent An). The hornblende is dull 
brown, and there is a little biotite and less chlorite and iron ore. 


Orbicular diorite or gabbro.—In, and just southeast of, Ciénaga Alca- 
traz there are outcrops of an orbicular rock and also other outcrops of a 
similar rock which lacks the orbules. The finest orbules were found in 
place about one-fourth of a mile east-southeast of the stream junction in 
the ciénaga, and 60 yards northeast of the San Ramén-Santo Tomas trail. 

The orbules are sharply set off from the coarser matrix, are 6 to 10 centi- 
meters across, and range in form from spherical to flattened. Some speci- 
mens show protuberances and local concavities of their surfaces. The 
orbules are composed predominantly of dark minerals, with a brown 
monoclinic pyroxene most abundant, and plagioclase and brown and green 
hornblende the only other common constituents. The plagioclase is 
chiefly andesine, 45 + per cent An, but labradorite with slightly more than 
50 per cent An, and even bytownite with 70 to 75 per cent An, are present. 
Magnetite and perhaps other ores are minor constituents. There is also 
a small amount of a neutral, biaxial brownish mineral, which may be 
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hypersthene or enstatite. The dark minerals are intimately associated, the 
colorless pyroxene of some sections being spotted with brown hornblende. 

The orbules show well-marked concentric structure, and vague radial 
structure. There may be as many as six concentric zones, the inner ones 
coarse-grained, with pyroxenes up to 3 millimeters in diameter, and the 
outer zones much finer, even though distinguished from each other by 
slight differences in grain size, with most grains between 50 and 120 
microns in diameter. Feldspar is almost absent from the outer, fine- 
grained zones, and present up to 20 or 30 percent in the inner zones. The 
vague radial structure is confined to the inner zones and is due to the 
elongation of pyroxenes. The nucleus of one orbule was found to contain 
aggregates of magnetite grains. No nucleus or nuclear mineral was found 
which could be considered an inclusion of foreign material. 

In one orbule studied there are four concentric zones: (1) a coarse 
nucleus, then (2) a fine zone, (3) a coarse zone, and (4) an outermost 
fine zone. 

The matrix of the Alcatraz orbules is similar to them in composition, 
but coarser grained, made up largely of nearly euhedral crystals of 
diopside (B 1.685 + .005), averaging 15 millimeters in length, which lie in 
a groundmass of smaller plagioclases (50 + per cent An) and brownish 
green hornblendes, with a little magnetite. 

A second orbicular rock was found at the Potrero corral on Arroyo 
Valladares, southeast of Cerro Encina Sola. This is a medium- to fine- 
grained, vaguely orbicular diorite, made up of even-granular andesine 
and dark-green hornblende. This rock was considered to be a marginal 
facies of the Encina Sola quartz diorite. 

The Alcatraz orbules are probably more siliceous and more aluminous 
than the orbicular gabbros described from San Diego County, California, 
by Lawson (1904) and Schaller (1911), as they are pyroxene-rich rather 
than olivine-rich masses, and the feldspar is more sodic. This is perhaps 
a corollary to the relative rarity of gabbros and other basic rocks in the 
San Pedro MArtir as compared to San Diego County. 

The Alcatraz orbicular rock conforms to the generalizations made by 
Sederholm (1928), particularly the occurrence near a contact, the presence 
of nuclei which in this rock are not foreign bodies, and the flattening of 
some orbules. The fine grain of some of the orbule layers is a noteworthy 
and unusual feature. 


Gabbro.—A small body at the contact between San José quartz diorite 
and San Telmo metamorphics, 7 miles west of San José, on the San Telmo 
road. Made up of labradorite, augite with rims of blue-green hornblende, 
considerable magnetite and some pyrrhotite (?). 
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Norite.—West of the map-area, and only 2 or 3 miles east of San Telmo 
village, there was found norite (or hypersthene gabbro) which is three- 
fifths labradorite and the remainder augite and hypersthene with a little 
pale-green hornblende, biotite, and iron ore. 


PEGMATITE AND APLITE 

Pegmatite dikes and sills are abundant in this area, especially in and 
near the Santa Eulalia formation. Aplites are less common, but not 
extremely rare. 

The principal minerals of the pegmatites are quartz, microcline, ortho- 
clase, albite, oligoclase, biotite, muscovite, black tourmaline, and red 
garnet. Rarely, if ever, are all these found together. Typical assem- 
blages are quartz-feldspar-tourmaline, as in La Jolla district and east of 
Santo Tomas ciénaga, or quartz-feldspar-muscovite-biotite, as in a belt 
south of Ciénaga Encantada or the quartz-orthoclase-oligoclase-garnet 
rock of North Encantada peak. The large, euhedral feldspar crystals 
studied were all orthoclase (no grid twinning, parallel extinction on basal 
cleavage) or microcline. Rarer minerals include fine crystals of gray 
clinozoisite from the vicinity of Santa Eulalia, diallage from near La Jolla, 
ilmenite in large plates from Las Cochas, and pink andalusite near 
Corazén mine. The last-mentioned mineral occurs in a sill-like mass 
which is mostly quartz. Wittich (1914) found a little beryl in a pegmatite 
sample from Sierra San Pedro Martir. 

The pegmatite dikes range from an inch to at least 20 feet in thickness. 
Grain sizes commonly range about one centimeter, but many are coarser, 
and there were seen at Las Cochas feldspars up to 12 inches, tourmalines 
6 inches long and one inch thick, and biotite plates more than a foot 
across. Flores (1930) reports 26-centimeter tourmalines from Ciénaga 
Santa Rosa, and 6-centimeter garnet trapezohedrons from the same 
locality. Most dikes are of simple structure, but many show coarse 
centers and fine aplite selvages. At Ciénaga Soto there are several such 
compound dikes, vertical and striking east-west or northeast-southwest 
and also, at least one inclined, N 55° W 38° SW. One aplitic margin, 
studied microscopically, was found to be mostly quartz, orthoclase, and 
microline, with some oligoclase, a little biotite, and less muscovite. 

In a given district, the pegmatites tend to have similar or at least re- 
lated strikes and dips. Thus, on the plateau between Santa Eulalia and 
Ciénaga Santa Rosa the pegmatites show a pseudo-anticlinal structure, 
with dip angles usually between 30° and 60° and inclined to the north or 
northwest in the northern part of the area and to the south or southeast 
in the southern part. Between La Encantada and North Encantada peak, 
numerous pegmatites, up to 20 feet thick, strike approximately east-west 
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and have dips most of which are between 40° and 60° N. Near the 
Corazén mine, the quartz-rich pegmatites strike mostly N 10° W. to 
N 35° W, with dips both northeast and southwest and steeper than 50 de- 
grees. In some areas, as at Corazén, the pegmatites conform fairly closely 
to the attitudes of the schistosity of the metamorphic rocks. 

Pegmatites are to be found abundantly about San José quartz diorite 
margins on the San Pedro Martir plateau and in the foothill belt from 
Las Cochas to Corazén and beyond. They are perhaps somewhat less 
abundant along La Grulla-Santa Eulalia contact south of Ciénaga Encan- 
tada. They are not found in the central portions of the plutons, but ~~ 
do occur throughout the Santa Eulalia formation. 

In the lower foothills, pegmatites are sparsely developed about the 
margins of the Rancho San José pluton, cutting both quartz diorite and 
San Telmo formation. None was noted in the Encina Sola quartz diorite. 

Purely aplitic dikes are rather uncommon in most parts of the map- 
area, but some of them are of great thickness. Examples are a 40-foot 
dike at La Jolla and a probably thicker one southwest of Ciénaga Corona. 
Unusually numerous aplite sills, dikes, and dikelets were noted in the 
vicinity of the Corazén mine, perhaps because that district was more 
carefully studied than others. 

Only one simple aplite from the map-area was studied microscopically. 
This dike cuts San José quartz diorite north of San Telmo arroyo, near 
the west margin of the map. It is made up of quartz and albite in about 
equal proportions, with perhaps 2 per cent of biotite. The albite is flecked 
with muscovite, no doubt an alteration product. This albite aplite may 
be an exceptional occurrence, as the aplitic margin of a pegmatite at 
Ciénaga Soto, already described, contains more orthoclase than soda or 
soda-lime feldspar. 

OTHER DIKE ROCKS 

Dikes of dark or intermediate color are rather rare in the map-area. 
Some of those which do occur are of granite porphyry texture, but others 
are fine-grained only by comparison with the coarse plutonic rocks which 
they cut. In a few places, dikes of these two textural types are associated. 

The dikes here considered were only found abundantly in three areas, 
all in or near the Rancho San José quartz diorite mass. One of these 
areas is at the northeast, not far southwest of Las Encinas; the second is 
at the northwest, near Buena Vista; and the third is at the southwest, on 
Cerro Hechicera. 

About 3 miles southwest of Las Encinas the coarse, gneissic San José 
quartz diorite is cut by numerous finer-grained dikes. One, 6 meters 
wide, is a fine-grained quartz-hornblende-biotite diorite, with most grains 
between 0.5 and 1.0 millimeter across. Another nearby and 40 centimeters 
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wide, is a quartz-biotite diorite porphyry, with millimeter crystals of 
plagioclase in a 0.1-0.3-millimeter groundmass. The following attitudes 
were recorded for these and similar dikes, all found in a half-mile traverse 
from southwest to northeast toward the metamorphic contact: N 42° E 
20° SE, N 40° W vertical, N 45° E 24° SE, N 54° W 46° SW, N 20° W 
43° SW. Many others dip southeast and southwest, but some dip north- 
east. No aplites or pegmatites were noted in this area. 

On Cerro Hechicera, ten sub-parallel, north-south striking, steeply 
dipping, 1- to 3-foot dikes of malchite cut San José quartz diorite close 
to the intrusive contact with limestone. The single section (Pl. 6, fig. 1) 
studied shows 1- to 2-millimeter phenocrysts of hornblende and calcic 
andesine in a rather fine-grained groundmass in which oligoclase or 
andesine predominates, with abundant hornblende, rather rare brown 
biotite, and a little quartz and iron ore. Some plagioclase phenocrysts 
are zoned and appear to range from labradorite into andesine; others 
have inclusion-filled orthoclase centers; and still others have hornblende 
rims. The hornblende phenocrysts are mottled green, with deeper-colored 
rims. The groundmass shows marked flow structure. 

Near and northwest of Buena Vista ranch house there are numerous 
greenish gray dikes and sills of fine-grained feldspar porphyry cutting 
the San Telmo slates. The sills range up to 50 meters in thickness. A 
section from a small dikelet shows half-millimeter phenocrysts of sodic 
oligoclase and rare altered pyroxene(?) in a groundmass made up of 
grains mostly between 10 and 70 microns in diameter. The groundmass 
is mostly colorless and includes considerable sodic plagioclase and pos- 
sibly some quartz. There are also fairly numerous pale-green flakes of 
altered biotite?, with birefringence only about .020 or .025. The rock 
may be doubtfully called a dacite porphyry. There is real question 
whether the Buena Vista intrusives are connected with the San José 
quartz diorite or with the presumably later Tertiary extrusives. 

In the type area of Encina Sola quartz diorite—in fact, close to the 
“Encina Sola” on the north side of the Cerro—there was noted a little 
5-centimeter vertical dike with northeast strike, composed chiefly of 
coarse (5 mm.) and fine blue-green hornblende. Accessories include 
2-centimeter hexagonal prisms of apatite and smaller grains of epidote 
and rutile?, as well as poikilitic and interstitial quartz. This is an un- 
usual-looking rock, with almost a pegmatitic variety of grain size. 


VEINS AND ORE DEPOSITS 


Quartz veins are fairly common in some parts of the Santa Eulalia 
formation. They are also developed locally in the San Telmo formation 
and in the San José quartz diorite near its boundaries. In the Santa 
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Eulalia, pegmatites were invariably found not far away, but in. the other 
formations, pegmatites were not observed near the quartz veins. 

’ Quartz veins are especially abundant about the Corazén mine. They 
pinch and swell, rarely attain a thickness as great as one foot, and com- 
monly parallel the schistosity. Many are iron-stained and locally contain 
sheaves and streaks of needle-like black and brown tourmaline. The 
Corazén de Oro de Jestis prospect tunnels cut one or two of these veins, 
and a little gold was found in them. More was won from the ravine 
gravels. 

At the old Peterson gold mine, a mile west of San José (shown on PI. 7 
by the crossed-pick symbol), there are several quartz veins in San José 
quartz diorite, the principal one about a foot thick, dipping some 50 de- 
grees due south. Vugs are lined with fine quartz crystals, and there is 
considerable limonite, a few pyrite cubes, and some siderite, 

At the old El Horno mine the 2-meter vertical vein of sheared white 
quartz strikes N 15° W. 

The most extensive workings in the region are the abandoned Socorro 
placer diggings. A ditch, many miles long, brought water from the vari- 
ous southeastern and eastern tributaries of San Telmo creek. At Socorro 
there are also some quartz veins in the metamorphic rocks. 


ALLUVIUM 


The summit meadows—La Encantada, La Grulla, Vallecitos, Santa 
Rosa, and others—are floored with alluvium, which is probably thin 
in most places, as it appears to be valley fill and the plateau valleys 
are shallow. The Encantada meadow, surveyed by pace and compass 
circuit, is shown on Plate 7 and Plate 4, figure 2.. The flat, treeless 
meadow was estimated to be 4,900 meters long and to have a maximum 
width of about 1,000 meters, exclusive of the eastern bay, with a total 
area of about 6 square kilometers (600 hectares). Both Santa Rosa and 
Vallecitos ciénagas are thought to be larger than La Encantada. The 
ciénaga deposits are mostly gray, coarse, feldspathic, and micaceous sands 
and poorly sorted fine gravels of granitic and other rocks. Near Mission 
San Pedro Martir, peaty streaks occur in a 10-foot bank of fine gravels. 

There are extensive piedmont gravels on the desert east of the plateau, 
and a narrow similar belt at the foot of the western scarp between 
Descanso and Santa Cruz. Terrace gravels are found at various levels 
in the western foothills. San Telmo creek near San José ranch and else- 
where is entrenched 5 to 15 feet and is cutting a new floodplain which is 
still quite narrow and which in the broad granitic stretches leaves terraces 
of the old valley floor commonly 100 or 200 yards wide, in some places 
wider. Granitic knobs stick through the terraces, and the thickness. of 
their floor of gray alluvium may not be much greater than the 10 or 15 
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feet exposed. Next above the 10-foot terrace is an extensive set. of 
benches about 100 feet above San Telmo creek, capped with brown or 
gray-brown gravels. A more prominent and general surface, which is 
not limited to the vicinity of the main streams, is near San José, 350 to 
400 feet by barometer above the streams. This is named the Peterson 
surface, from the Peterson gold mine west of San José. _The surface is 
shown as benches in Plate 2. Elsewhere, it is better developed. It is 
boulder-strewn and at least locally covered by reddish alluvium. 


STRUCTURE 


Some information was acquired concerning the attitude of bedding 
planes in the San Telmo formation, but not enough to make a record 
upon the map worth while. In many places, bedding and schistosity coin- 
cide, but in two or three widely separated places, considerable divergences 
were observed, as has already been noted in describing the San Telmo 
rocks. 

An inspection of the map (PI. 7) will show that the schistosity in the 
San Telmo slates and Santa Eulalia gneisses shows considerable variety 
in strike, with northwest directions definitely prevalent. The dips are 
somewhat less predominantly northeast. The lowest dip recorded was 
38°, and the mean is slightly above 70°. The lowest dips are east or 
northeast. Southwest of San José the San Telmo slates seem to have 
been anticlinally folded (PI. 7). 

Many of the plutonic flow structures are vague and variable. Only in 
connection with the Rancho San José mass were sufficient definite obser- 
vations made to justify any generalization. Here the average strike is 
close to north-south, and all dips except one are to the east. The single 
exception is a practically vertical dip at the west margin of the pluton, 
near Buena Vista. The easterly dips are steeper near the eastern margin, 
all except one are 75° or more. About San José ranch house, midway 
between east and west margins, the dips are flatter, 50° to 73° and one 
northerly dip of only 13°. There is a suggestion that in the rise of the 
Rancho San José pluton there was a westward, as well as an upward, 
component of flow. 

The numerous local evidences of faulting were not traced; consequently, 
several important faults and fault zones are not shown on the map. The 
only continuous evidence of faulting observed is physiographic, and it 
will be discussed under the head of geomorphology. 


ORIGIN OF THE PLUTONIC AND METAMORPHIC ROCKS 


The writers consider that the plutonic rocks shown on Plate 7 are prob- 
ably all, or most of them, closely related. The earliest and least siliceous, 
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the Encina Sola quartz diorite, has been altered deuterically or very 
mildly metamorphosed. The other three are all almost entirely fresh. In 
the principal plateau occurrence the darker, marginal San José quartz 
diorite and the central to eastern La Grulla granodiorite are essentially 
one mass. If this large pluton moved upward and westward, as was sug- 
gested for the Rancho San José mass, then the granodiorite may represent 
the upper portion, from which early formed crystals had settled out and 
which was more completely liquid at the time of intrusion. However, 
this explanation does not apply very well to what is known of the other 
plutons, such as Rancho San José or that northeast of Santa Eulalia, and 
separate, but nearly contemporaneous, intrusions seem more probable. 
In this respect, the San Pedro MArtir examples may have been similar to 
the much smaller multiple intrusions of Shonkin Sag (Barksdale, 1937). 
In such occurrences, differentiation presumably has taken place at greater 
depth. 

La Providencia granite has not been studied adequately by the writers; 
it may be practically identical with La Grulla granodiorite. 

Locally, the granitic rocks cement breccias of San Telmo and Santa 
Eulalia rocks. The Santa Eulalia is full of pegmatite dikes, and includes 
much lit-par-lit injection gneiss and more granitic gneiss which may be 
a later phase of the injection gneiss. As the Santa Eulalia grades into 
the San Telmo, especially in the Corazén district, it is suspected that the 
Santa Eulalia is the portion of the San Telmo rocks which is far advanced 
toward the plutonic state. 

Lateral pressure, southwest-northeast, is indicated by the structures 
both in the metamorphosed sediments and porphyries and in the plutonic 
rocks. It may be that folding, metamorphism, and plutonic intrusion 
were all parts of one diastrophic event. The possible geological age of 
this event must be sought outside the limits of the map-area, and will be 
discussed in a later section, “Comparisons with Adjacent Regions.” 


GEOMORPHOLOGY 


It seems clear that the Sierra San Pedro Martir is an elevated fault 
block. The summit region has a complex drainage pattern and little 
relief. The eastern margin is steep and fairly straight, furrowed by sev- 
eral canyons, and bordered by a piedmont alluvial apron. No one of the’ 
canyons as yet has much of an advantage over the others, and none as 
yet has cut a gorge back into the plateau. In other words, the eastern 
slope is a somewhat eroded fault searp. It is estimated to be 4000 to 7000 
feet high, and appears to have a fairly uniform slope of 10° to 15°. 

The western margin of the plateau is also fault-bounded, though the 
evidence is not so clear nor the conditions as simple as on the east side. 
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There are two or three scarps, with steps between, and a total height of 
3000 to 5000 feet (Fig. 2). Davis (1921), in a review of Nelson’s memoir 
(1921), concluded that the whole region from the Sierra summits to the 
Pacific shore is included in a single tilted fault block. Nelson recognized 
the Sierra plateau, but he did not definitely describe the series of scarps 
which bounds it on the west. These scarps are smooth and steep. North 
of Descanso the scarp gradient is 26°. These slopes are not the result of 
differential erosion. Rocks with approximately the same resistance to 
erosion are to be found on the scarp face, flooring the steps between, and 
making up the mass of the plateau. The boundaries between the various 
rock types, although in some places approximately parallel to the scarps, 
elsewhere cut across them (Pl. 7). One feature of the western scarps, 
however, the writers cannot explain. This is the rise of the unbroken 
wall of the highest scarp north of Corona pass (Pl. 1), perhaps 1000 feet 
above the general plateau surface, as a western boundary ridge. This 
ridge was not crossed except at Corona pass, where the rock is San José 
quartz diorite, like that elsewhere. It may be that the ridge to the north 
is determined by a plate of more-resistant rock. 

The recency of the western faults is attested by the shortness of the 
gorges which have been cut into the plateau by the tributaries of the 
Santo Domingo, and the high waterfalls and steep cascades by which 
the plateau drainage reaches these gorges (Flores and Gonzales, 1913, 
Lam. XLVIII). The western scarps are much less dissected than the 
eastern, and they may have been formed more recently. However, the 
writers do not feel much confidence in that explanation. The conditions 
at first glance seem to favor erosion by the Santo Domingo drainage sys- 
tem, because it receives most of the water which falls on the Sierra. 
Nevertheless, the presence of a cover of vegetation may more than offset 
that advantage, chiefly by regulating the stream flow and preventing the 
destructive floods which no doubt have been the principal factors in 
deeply scoring the eastern scarp with canyons. Another contrast exists 
in the small height of the individual western scarps and in the diversion 
of the drainage from them along the inclined intermediate steps. How- 
ever, if one compares the western scarps with similar features under 
similar climatic conditions in southern California, the impression of their 
relative smoothness and recency is confirmed. They are young features, 
though perhaps no younger than those of the eastern slope. 

Geologic and hydrologic evidence of faulting was observed locally at 
or near the bases of the plateau scarps. On the east side there are hot and 
cold springs at Aguas Calientes near the base of the scarp, and small 
normal and reverse faults with varied strikes and dips in the bedrock. 
These features are thought to mark the zone of displacement along which 
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the Sierra rose. On the west side of the plateau, at El Horno, the rocks 
are contorted and intensely sheared. Farther northwest, at Santa Cruz, 
near the bottom of the long slope from Descanso, hillside sulphur springs 
suggest fault control. There is notable crushing and shearing in the 
Coraz6n region and at La Jolla. The narrow ciénagas, Soto and Corona, 
are not like the broad summit meadows, and all their lineaments suggest 
sliver faulting, though crush zones were not observed. 

At least two fault zones seem to be present in the western lower coun- 
try, both roughly paralleling the margin of the Sierra. One of these is 
marked by a line of valleys extending northwest from the c of Socorro, 
Plate 7; it is followed by San Telmo creek for a short distance, and by 
two of its tributaries for longer distances. Along the southern tributary, 
shear zones were observed striking from N 5° W to N 35° W, with steep 
dips both west and east. It may be that the plutonic-metamorphic con- 
tact is displaced somewhat along this line. The other zone, southwest of 
San José ranch house, is not shown physiographically, but is marked by 
shears and crush zones, such as those near the Peterson mine and along 
the plutonic-metamorphic contacts northwest of Cerro Encina Sola. The 
shears strike northwest at the Peterson mine and north-south to northeast 
at the Encina Sola contacts. Farther west, the contacts north of Cerro 
Hechicera are in part intrusive, in part faulted, with northwest strike 
and steep southwest dip. This is a region, rather. than a zone, of faulting. 

The plateau ciénagas, described under the heading “Alluvium,” are 
puzzling features. Most of them are drained by tributaries of San Rafael 
or Santo Domingo streams, but Santa Rosa has a central playa, no doubt 
with subsurface drainage. Big Santa Rosa is in a precarious position on 
the very crest of the range, with arroyos eating toward it from both sides. 
Santo Tomas ciénaga, since its formation, seems to have lost its principal 
southern tributary by piracy, with the formation of terraces along the 
captured tributary. Encantada ciénaga drains into La Grulla through a 
rather well graded, meandering, slightly intrenched valley in the bedrock. 
The alluvium of most of the ciénagas is untrenched, though a photograph 
published by Nelson (1921) shows that the stream in La Grulla had 
locally cut down 2 or 3 feet. No simple tilting or arching will explain all 
the plateau ciénagas, and no evidences of Recent or late Pleistocene fault- 
ing were seen. 

Dome-producing exfoliation of La Grulla granodiorite is noteworthy 
east of La Encantada meadow. 

The relief on the Sierra plateau, even away from the meadows, is con- 
siderably less than that of the western foothills. It may be that the 
Sierra surface corresponds to the Peterson surface of the foothills, which 
was mentioned in describing the alluvium. The Peterson surface is 350 
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to 400 feet above the present drainage lines west and northwest of San 
José, but appears to be 200 to 300 feet higher in the metamorphic rocks 
at the south end of San José basin. This surface, near the Peterson mine 
and elsewhere, is characterized by broad, open valleys (and terraces) 
above which rise rather smooth hills and ridges. The dissection of the 
Peterson surface has not by any means reached into all parts of the foot- 
hill tributaries, the limits of headward erosion being marked by steeps 
and falls, and it may be that this dissection has not reached the plateau 
at all. 

Terraces along the foothill arroyos below the Peterson surface, at 100 
feet and at 10 feet above the present drainages, are floored with sands 
and gravels; they have been mentioned under the heading, “Alluvium.” 

There is a marked contrast in the foothill region between the narrow 
defiles of the metamorphic belts and the broad basins developed on San 
José quartz diorite, near Rancho San José and elsewhere. As many of 
the plutonic-metamorphic contacts are straight for long distances, this 
differential erosion gives scarps which are similar to those caused by 
faulting, but, in many places, intrusive, unfaulted contacts were observed. 
Unlike the San José formation, areas of Encina Sola quartz diorite stand 
out as rugged hills. This resistance to erosion may be related to the mild 
metamorphism which the Encina Sola rocks have undergone. 


COMPARISONS WITH ADJACENT REGIONS 
OTHER BAJA CALIFORNIA ROCKS 


The Peninsular range, which has so notable an expression in the Sierra 
San Pedro Martir, extends northward 200 or 300 miles, to the latitude of 
Los Angeles. Similarly, the rocks of the Sierra and the western foot- 
hills have their counterparts farther north, and the major metamorphic 
and plutonic belts are probably continuous, though with considerable 
variations. 

The town of Ensenada on Todos Santos bay, opposite Punta Banda, 
is about 75 miles northwest of San Matias pass. Fifty years ago, Lindgren 
(1888, 1889) grouped the pre-Tertiary rocks between Punta Banda and 
the desert as follows: (1) Unaltered upper Cretaceous fossiliferous beds 
of Punta Banda, (2) earlier altered quartz porphyrites (dacites) and 
associated tuffs, with epidote, (3) “granite and diorite” of which the most 
typical examples seem to be quartz-hornblende-biotite diorite, though 
both monoclinic and rhombic pyroxenes were noted, and in one place 
subordinate orthoclase was found, (4) the oldest rocks, carbonaceous 
biotite slate, chloritic slate, and quartzite. 

Twenty-five years ago, Bése and Wittich (1913; Wittich, 1915) reported 
that Lindgren’s rock types extend south to San Antonio del Mar (near 
San Telmo) and beyond. These investigators reached important con- 
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clusions, which have not been accepted by all later writers on the region. 
They determined Lindgren’s first group of unmetamorphosed sediments to 
be of late upper Cretaceous (Senonian) age, and they found in the 
metamorphosed tuffs and associated limestones of the second group, 
Caprinidae and other fossils of early Upper Cretaceous (upper Ceno- 
manian and Turonian) age. Moreover, they reported that the granitic 
rocks are intrusive into the metamorphosed Upper Cretaceous, but are 
unconformably overlaid by the Senonian. Wittich (1915, p. 394) gave a 
location southeast of Ensenada, between Santo Tomas village’ and San 
Vicente, as a place where the evidence for the age of the plutonic rocks 
can be seen. Woodford visited this locality in 1924. The rock, which 
definitely invades the meta-porphyry of the porphyry-schist-limestone 
series, is a hornblende gabbro or meta-gabbro in which chlorite is now 
abundant even though some augite remains as cores in hornblende. The 
intrusive rock appears to be part of the extensive San Vicente pluton. 
The metamorphic rocks strike about N 30° W and dip steeply southwest. 

Darton (1921) also found two upper Cretaceous formations, with 
granitic rocks locally intrusive into the lower, oyster-bearing formation at 
Santo Domingo Mission, south of San Telmo, and elsewhere. But Darton 
(1921, p. 725) considered the intrusives small and unimportant and, with 
regard to the main mass of Peninsular crystalline rocks, said: 

“T obtained no evidence as to the age of these granites and schists, but my general 
impression was that they were much older than Cretaceous.” 

The report on the work of the Marland Oil Company of Mexico in 
Baja California (Anon., 1924) essentially followed Darton. The meta- 
morphosed Upper Cretaceous formation was called San Fernando, and 
the unconformably overlying Rosario formation was correlated with the 
Upper Cretaceous Chico of California. The granite and schist were con- 
sidered pre-Cretaceous. 

Santillan and Barrera (1930) vaguely called the granitic rocks “post- 
Cambrian.” They recognized the Rosario formation, and on the coast 
north of San Telmo a new fossiliferous Lower Cretaceous Alisitos for- 
mation, the equivalent of the Paskenta of California. The great bulk of 
the Middle Cretaceous metamorphosed sediments and igneous rocks lie 
between the Alisitos and the Rosario, and are mapped as a broad belt 
which includes San Telmo village and the western part of the present 
writers’ San Telmo formation. 

Hirschi and de Quervain (1933, p. 274) followed Bése and Wittich in 
their age determinations, calling the granitic rocks Upper Cretaceous and 
the metamorphosed sediments Mesozoic and Paleozoic. These authors 
(Hirschi, 1926; Hirschi and de Quervain, 1927-1933) have made by far 


1Far from the ciénaga of the same name. 
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the most thorough study of Lower California crystalline rocks yet pub- 
lished. Their specimens came from almost every part of the peninsula 
except the high Sierras. North, northwest, and northeast of Sierra San 
Pedro Martir they found, described, and even chemically analyzed 
granodiorites, diorites, granites, tonalites, diorite-gabbro. They found a 
row of stocks, like the San José mass, extending 100 kilometers south- 
southeast from Ensenada, composed of qua» diorite and granodiorite 
and with wide hornfels zones (Hirschi, 1926, p. 348; Hirschi and de 
Quervain, 1927, p. 143; 1928, p. 323-333). The intruded tuffs and lavas 
correspond to dioritic or quartz dioritic magma, and are considered fore- 
runners of the intrusions. 

Anderson and Hanna (1935) ignored Bése and Wittich, and doubted 
the reliability of Darton’s oysters. They listed several Cretaceous fossil 
localities, including one of Rosario age near San Antonio Del Mar, a few 
miles north of San Telmo. Anderson and Hanna concluded that the San 
Fernando formation is probably Lower Cretaceous, like the Alisitos, and 
they would place with it any metamorphosed Cretaceous rocks which may 
be present. 

There is not enough evidence at hand to determine beyond doubt the 
ages of all the plutonic and metamorphic rocks of northwestern Baja 
California. But it appears that the San Telmo and Santa Eulalia for- 
mations belong to a long belt of metamorphic rocks with northwest strike, 
which extends from Ensenada to Arroyo San Telmo and beyond, and 
which includes fossiliferous Lower Cretaceous and early Upper Cretaceous 
members. These metamorphic rocks are invaded by a series of stocks and 
batholiths, most of which are granodiorite or quartz diorite. The granitic 
rocks described in this paper seem to be typical examples of the intrusives, 
even though they are somewhat different from the critical San Vicente 
gabbro. The important fact is that the intrusives described in this paper 
are younger than the rocks of the northwest-striking metamorphic belt. 
They are, therefore, probably of Upper Cretaceous age. 


CALIFORNIA ROCKS 


The Peninsular belt of granitic rocks, gneisses, schists, slates, and 
altered porphyries extend with slight changes into southern California 
(Hudson, 1922; Fraser, 1931; W. J. Miller, 1935; Dudley, 1935; Hurlbut, 
1935; F. S. Miller, 1937). Quartz diorite, usually with both biotite and 
hornblende, is still the commonest plutonic rock. It intrudes porphyries 
of varied compositions and slates which contain Triassic fossils (Hudson, 
1922), and is rather certainly pre-Chico (Senonian). A basic gabbro is 
quite extensive (F. S. Miller, 1937) and has contributed enormous num- 
bers of inclusions to a rather dark-colored, nearby quartz diorite (Hurl- 
but, 1935). Pegmatites are common (Schaller, 1925). 
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The Peninsular range abuts against the east-west transverse ranges in 
the latitude of Los Angeles. Farther north, in the Sierra Nevada, the 
granitic rocks are similar to those of Baja California in composition, 
variety and structure. This is shown by a comparison of the mineral 
composition and the structures of the San Pedro Martir rocks with those 
of Yosemite (Calkins, 1930; Cloos, 1936) and also by the chemical data 
brought together by Hirschi and de Quervain (1933, p. 271-273). ‘The 
Sierra Nevada composite batholith seems to be somewhat older than the 
corresponding Peninsular plutons. Hinds (1934) has established for it 
the probability of a very late Jurassic age. 

The plutons of the Peninsular range, both in northwestern Baja Cali- 
fornia and in adjacent southern California, are typically quartz diorite, 
as contrasted to the granodiorite or quartz monzonite, which is the com- 
monest rock in the Sierra Nevada. 


CONCLUSIONS 


The Sierra San Pedro Martir is a well-preserved fault block of crys- 
talline rocks, with a mature summit surface, which is only slightly tilted 
to the west and is separated from the ‘broad western foothill belt by step 
faults. 

On the Sierra summit and in the western foothills there are exposed 
stocks and batholithic masses of quartz diorite, some with central 
granodiorite. The smaller, western stocks invade a broad belt of north- 
west-striking, steeply dipping, mildly metamorphosed sedimentary rocks, 
the San Telmo formation, with the development of moderately broad 
contact zones. On the Sierra the main batholithic mass is bordered by an 
extensive migmatite formation, the Santa Eulalia, which grades into the 
San Telmo. 

The San Telmo belongs to a belt of rocks which includes Lower Creta- 
ceous and probably early Upper Cretaceous elements, and which is 
unconformably overlaid by late Upper Cretaceous rocks. The San Pedro 
Mértir intrusives are, therefore, probably of Upper Cretaceous age. 

Northwestern Baja California is an attractive region for further 
geological work, with promising problems in paleontology, stratigraphy, 
structure, petrology, and geomorphology. The district between Ensenada 
and San Telmo appears especially worthy of careful study. 
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EXPLANATION OF PLATES 5 AND 6 


PLATE 5—PHOTOMICROGRAPHS OF SANTA EULALIA AND SAN TELMO 
FORMATIONS 


Ficure 1.—QUARTZ-PLAGIOCLASE-BIOTITE GNEISS, SANTA EULALIA FORMATION 
T.F.H. 125A1, from peak at east edge of plateau, 5 miles N 25° E of Santa Eulalia. 
The figure shows a quartz-rich band; also present, 8 ene gray garnet (G) and 
a little marginal plagioclase (P). Ordinary light. x 10 


Ficure 2:—QUARTZ-BIOTITE GNEISS WITH MUSCOVITE AND PLAGIOCLASE, SANTA EULALIA 
FORMATION 


: A.O.W. 1829A1, from northeast ole of Ciénaga Vallecitos, near the camp shack. 
Lergely quartz, light gray. Biotite, black or very dark gray. Muscovite (M), curving 
gray bands. A few grains of plagioclase (P). Ordinary light. x7. 


Ficure 3.—QUARTZ-FELDSPAR-HORNBLENDE-DIOPSIDE ROCK, SAN TELMO FORMATION 


T.F.H. 90A2, from north side of Arroyo San Telmo, 2% miles northwest of Cerro 
Hechicera, a few hundred yards from the quartz diorite contact. Apparently a 
metamorphosed conglomerate or breccia. Note fine-grained spot, which is thought 
to represent part of a small pebble. Ordinary light. X65. 


Ficure 4—HorNBLENDE-PLAGIOCLASE ROCK, SAN TELMO FORMATION 


A.O.W. 1813B, just southwest of Socorro on the San José trail. Photograph taken 
to emphasize the meta-pyroclastic texture. Three largest light areas have a rela- 
tively coarse grain, which is barely suggested in the figure, and are composed of 
equally abundant hornblende and oligoclase. Feldspar is less common elsewhere. 
The light-gray area (left), which contains a nearly vertical row of black spots, is a 
very fine-grained fragment, and part of a large soem occupies the right half of 
the figure. The matrix is mostly opaque. Ordinary light. X65. 


Ficure SLATE, SAN TELMO FORMATION 


T.F.H. 38A1, Buena Vista. Gradation from light-colored quartzose band (left) to 
darker calcareous band (right). Large white spots (right and center) usually repre- 
sent calcite, rarely ore; (left) they are mostly angular holes in the section, rarely 
quartz or calcite. Black spots and streaks are mostly iron oxide, rarely biotite. 
Groundmass very fine-grained, probably = crystalline. Larger quartz and biotite 
grains thought to be clastic. Ordinary light. 34. 


Ficure 6.—QUvarTzZ-BIOTITE PHYLLITE, SAN TELMO FORMATION 


T.F.H. 172A1, north side of Arroyo San Telmo, somewhat more than a mile west 
of La Jolla. Light-colored quartz and calcite; dark biotite in elongate sections, and 
opaque material in irregular spots. Ordinary light. 65. 
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PLATE 6—PHOTOMICROGRAPHS OF BAJA CALIFORNIA ROCKS 


Ficure 


FH. 84Al, nearly vertical dike on Cerro Hechicera. Dark-colored phenocrysts, 
light-colored, plagioclase. Ordinary light. X65. 


Figure 2—QUuARTZ-HORNBLENDE GNEISS, SAN TELMO FORMATION 


A.O.W. 1839B, half a mile west of plutonic contact at La Jolla. Chiefly pale quartz 
and dark hornblende. Upper right, a little chlorite, dark gray; lower right center, a 
metaclastic or pseudo-clastic zone in quartz, with clear angular areas set off from 
their ‘cate econo surroundings. If clear areas are relic clastic grains, recrystalliza- 
tion has been complete, with new quartz crystals cutting across the boundaries of 
relic grains. Ordinary light. X65. 


Ficures 3 4—SAN QUARTZ~BIOTITE-HORNBLENDE DIORITE 


T.F.H. 150A1, on a northern tributary of Arroyo San Telmo, 6 or 7 miles north- 
east of San José. Biotite (B), hornblende (H), quartz (Q), zoned plagioclase (P). 
Figure 3, polariser only; figure 4, crossed nicols. X12. 


Ficures 5 6—ENcrNA SoLA QUARTZ-HORNBLENDE DIORITE 
T.F.H. 225B1, Cerro Encina Sola. Inclusion-filled plagioclase (P); fine-grained, 


locally sutured quartz (Q); hornblende (H); a large, ragged chlorite (C); sphene 
(S). Figure 5, polariser only; figure 6, crossed nicols. 22. 
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RECONNAISSANCE GEOLOGICAL MAP 
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SIERRA SAN PEDRO MARTIR. 


SOLOGICAL MAP AND EAST-WEST SECTION ACROSS 
SIERRA SAN PEDRO MARTIR 


[. Bailey from field sketches and data by T. F. Harriss. 
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[At the time of his death, February 6, 1934, Professor Davis was working on the 
reorganization of this paper, which originally had been submitted to the Geological 
Soctety in 1933. At that time he wrote to the Secretary, under date of July 30: 

“The emotions excited in your secretarial breast on the arrival of a long paper I 
am sending you on Sheetfioods and Streamfloods ought to be of various kinds. In 
the first place, on learning that this is the last paper I have on hand with which 
to burden the G. S. A., you ought to rejoice, secretary fashion. But on reflecting 
that I may not contribute further to a Bulletin that has long been my refuge, you 
ought to grieve. . . . Let me say also that, in sending you two rather long papers 
[the other was published in the BULLETIN, October, 1933, pages 1041-1133] I am 
earnestly trying to redeem the promise I made to the G. S. A., when it presented 
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me with that superb Penrose Medal at Tulsa; to go on and do some more work. 
In my own perhaps erroneous opinion, both these papers are as good as any I have 
ever done. Others may have different opinions of them; but they don’t know 
them as well as I do.” ; 

It had been felt that the paper ought to be somewhat expanded in order to contain 
some of the philosophy which Professor Davis had evolved in his long years of work 
and study, and he had, accordingly, asked for the return of the manuscript at 
Christmas time, 19383. Apparently, he had begun to reconstruct it in accordance 
with the new plan and was in the midst of making the re-arrangement, for he left 
it in an incompletely organized condition. The necessary revision and preparation 
for publication was undertaken by Hoyt Rodney Gale, son of Hoyt 8S. Gale, a friend 
and former student of Professor Davis at Harvard. The younger Gale was also a 
personal friend and admirer of Professor Davis and is familiar with many of Pro- 
fessor Davis’ ideas. In reconstructing the article to make it consistently organized 
throughout and to make it conform to a compromise plan that utilizes as much of 
the new arrangement as possible, it has been necessary to revise the text consider- 
ably. This task has been a difficult one, but care has been taken so far as possible 
to avoid alterations in the ideas of the original manuscript —Enprtor’s Nors.] 


ABSTRACT 


Repeated excursions in the Mohave Desert region of southeastern California have 
led to this comprehensive summary of the work of sheetfloods and streamfloods in 
arid physiographic cycles. Comparisons are also made with accounts of a few 
other arid regions, especially those in which better examples of external drainage 
or locally degrading base levels have been observed. 

In regard to the controversial question of the importance of lateral erosion in 
deserts, it is concluded, at least for the region under observation, that lateral erosion 
is of practically no importance, except in the mountains and in the few other places 
where there are well-developed washes or water courses. Sheetfloods, not stream- 
floods, normally grade piedmont slopes and the fan bays where desert mountain 
valleys open out between diminishing spurs. The areas subject to sheetfloods there 
are enlarged mainly by back-weathering subaerial degradation of the mountain and 
spur slopes, essentially in the manner analyzed by Lawson (1915). Where gradual 
uplift, degrading base levels, or other moderate changes allow streamfloods to take 
mild possession of these graded areas, their work too is almost entirely down- 
wearing rather than lateral cutting. 


INTRODUCTION 


The action of running water in regions of abundant rainfall has been 
more thoroughly observed and considered and is better understood than 
the corresponding processes in deserts. That is because there are many 
more observers in moist than in arid regions and also because water in 
arid regions runs only at such infrequent intervals that the few observ- 
ers there seldom come upon revealing illustrations of it in action. Al- 
though analogies can and should be drawn between the corresponding 
processes of the two different environments, it is desirable not to overlook 
the differences in the physiographic and geologic effects produced by 
variations in the relative importance of these processes. For instance, 
the work of permanent streams, which is outstanding in well-watered 
countries, is comparatively small in desert areas, where the work of 
sheetfloods and streamfloods normally predominates. 

The first part of this paper will be devoted to the action of sheetfloods 
on detrital slopes that drain to aggrading playas in a still-standing region 
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of interior drainage. The second part will deal with certain conditions 
under which broad sheetfloods are temporarily transformed into inbranch- 
ing streamfloods, which strip and trench the rock floors previously de- 
veloped; and then, the trenches being deepened to grade, the intertrench 
ridges are slowly consumed, and eventually the streamfloods are trans- 
formed back into sheetfloods. 

Most of the observations and examples drawn upon are taken from the 
Mohave Desert of southeastern California and from southeastern Ari- 
zona, where uplifted fault blocks are a characteristic initial form of a 
cycle of desert erosion. Paige, Lawson, and Bryan have laid the founda- 
tion for a study of these conditions. While the highland surface of an 
uplifted fault block is more or less dissected by streamfloods, the bold 
scarp face is caused to retreat by back-weathering; and the face, as it 
retreats, leaves in front of it a smooth rock floor of diminishingly convex 
profile, buried under an aggrading detrital cover which slopes with a 
faintly concave profile to a central aggrading playa. As the erosion cycle 
develops, deep embayments are formed in the mountain fronts and grow 
until those on opposite sides of an uplifted mass meet and coalesce. 
Eventually the whole mass is reduced to one or more low domes, which 
are characteristic of the old-age stage of the cycle. The work of sheet- 
floods and stream floods in the development of this cycle will be the 
subject of the third part of this paper. 

The fourth part considers conditions in regions with base levels that 
are more persistently degrading than those described in Part II. They 
include regions drained to degrading playas such as are found when a 
region of previously aggrading playas is reduced to so low a relief that 
the inwash of detritus to the playas by sheetfloods is exceeded by the 
exportation of dust by wind. If the degradation of the playas is faster 
than the degradation of the surrounding territory by sheetfloods, the 
sheetfloods will tend to give place to streamfloods. Also, desert regions 
that are initially or later drained outward to the ocean or to some lower 
basin are reduced for the most part by differentially degrading stream- 
floods. In all these cases, bare rock floors tend to develop through the 
removal of whatever previously deposited detrital material may have 
covered them and through the continued back-weathering of mountains, 
until (if no diastrophic disturbance takes place) even the deepest playa 
deposits are all removed and the entire region is reduced to a smoothly 
graded rock floor, its higher parts convex, its lower parts so faintly con- 
cave that they seem level to the eye. In this final stage they become so 
completely graded that they are again dominated by sheetfloods with 
gradients similar to those of the detrital covers described in Part I. 

This paper is the second that I have prepared recently on the subject 
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of land forms in desert regions. It is designed to complete the study 
begun in the earlier paper, “Granitic Domes in the Mohave Desert, Cali- 
fornia” (Davis, 1933). 

I have had favorable opportunity during the past six years to study 
the various land forms of the Mohave Desert on excursions with Dr. L. F. 


Ficure 1—Outline map of the Mohave Desert region and its surroundings in 
southeastern California 


This region approaches the southern Sierra Nevada on the northwest; it is limited by the San 
Gabriel, San Bernardino, and other ranges on the south; the Colorado River traverses its eastern- 
most part. Its mountains, separated by aggraded troughs, are systemless in their distribution, as 
indicated by the shaded areas; the dark-shaded areas are lava-covered. The Santa Fe and the 
Union Pacific railroad systems cross the desert; they join in the west-central area about 10 miles 
east of Barstow. Dotted lines show the author’s routes along the intermont troughs; the dots 
are placed in groups to indicate the number of times each route has been traversed. 


Noble, of the United States Geological Survey, resident on the desert 
margin; with my former student, Mr. Samuel Storrow, of the Harvard 
class of 1887, now a retired engineer in Los Angeles; with my new friend, 
Mr. Myron Hunt, architect, of Pasadena; and with several of my recent 
students at the California Institute of Technology. To these sympa- 
thetic companions I am greatly indebted for stimulating encouragement, 
many photographs, and comfortable transportation. 

California localities referred to are shown in Figure 1. The explana- 
tion of this figure should be looked over before the reader goes farther. 
Barstow, ar important railroad junction in the desert, is a convenient 
reference point for giving distances and directions to places of interest. 


PART I. NATURE OF SHEETFLOODS—ENMESHED STREAMLETS 
McGEE’S ACCOUNT OF SHEETFLOODS 
The study of sheetfloods must be based for the most part on the records 
left on the ground by past sheetfloods, some of which, as interred from 
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the advanced disintegration of their boulders, must have taken place 
scores, if not hundreds, of years ago. To my regret I have had no 
opportunity of seeing a sheetflood in action. For an account oi such 
action, recourse must be had to McGee’s still-unrivaled desoription in 
his notable essay on “Sheetflood Erosion.” 

McGee (1897, p. 100) had the good fortune to witness a flood that 
came roaring out of a canyon in the mountains, “thick with mud, slimy 
with foam and loaded with twigs, dead leaflets and other flotsam. .. . 
The torrent advanced at race-horse speed at first, but, slowing rapidly, 
died out in irregular lobes not more than a quarter of a mile below the 
road; yet, though so broad and tumultuous, it was nowhere more than 
about 18 inches and generally only 8 to 12 inches in depth. . ... The 
front of the flood was commonly a low, lobate wall of water, 6 to 12 
inches high. . . . Within the flood, transverse waves arose constantly, 
forming breakers with such frequency as to churn the mud-laden torrent 
into mud-tinted foam; and even when breakers were not formed it was 
evident that the viscid mass rolled rather than slid down the diminishing 


slope.” 
The flow was generally uniform, though locally retarded by bushes, “but 
now and then a part of the sheet . . . began to move more rapidly, when 


almost immediately the flotsam would shoot forward at twice or thrice 
the ordinary rate, the flood surface would sink toward the upper end and 
swell toward the lower part of the rush line, while the roar would rise 
above the rustling tumult of the more sluggish waters .. . then the 
waters would diverge and slacken. . . . The whole process of gathering 
and respreading of the waters commonly lasted but a few seconds, or 
perhaps a minute or two. . . . So common were these rushes that two 
or three or even half a dozen might be within the field of vision at the 
same time—some just starting, some dying away” (McGee, 1897, p. 101). 
The flood lasted about ten minutes; it was over a mile wide, and nearly 
blended with others from adjacent canyons. In half an hour the ground 
was drying. 

“A highly significant effect was found on examining the track of one 
of the more violent rushes within the flood. At the upper end this was 
a gully reaching two feet in depth and one or two yards in width, newly 
gouged in the gravelly and sandy silt of the plain; at the lower end it 
was an elongated delta or fan.” (McGee, 1897, p. 102). 

Another flood was 10 miles wide; one of its channels was 8 or 10 feet 
deep, 25 or 30 feet wide and 250 feet long; water remained in it (McGee, 
1897, p. 103). It was further noted that mountain-born storm floods, 
on reaching the graded piedmont slope, quickly spread out and become 
attenuated. Every part is then loaded to capacity; detritus is always 
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available, so that any local increase in velocity is checked by greater 
loading (McGee, 1897, p. 107). Great floods may come only at intervals 
of decades or centuries (McGee, 1897, p. 108). 

These vivid descriptions of what McGee saw nearly forty years ago 
in the desert area of southwestern Arizona and northwestern Mexico 
serve admirably to explain the detailed forms of the piedmont slopes as 
seen today in the desert of southeastern California. He (McGee, 1897, 
p. 88) concluded: “There are in nature two strongly contrasted types of 
moving water bodies, namely, (1) streams, and (2) sheetfloods.” The 
failure to recognize these contrasted types has led to error not only on 
maps of arid regions, which sometimes show nonexistent rivers, but also 
in the physiographic explanations of arid regions, in which the use of 
hypotheses based on the behavior of streams in humid regions is mis- 
leading. 

DETAILED CHARACTERISTICS 


The faint drainage channels developed by the stronger lines of sheet- 
flood flow are minutely recorded by the detailed surface forms that they 
fashion on the detrital slopes. These little channels are enmeshed in a 
curiously complex fashion, somewhat as illustrated in Figure 2. The 
pattern may be described as composed of a multitude of fan-like units, 
commonly measuring from 300 to 500 feet in length, sometimes more, or 
less, each unit made up of a myriad of interlacing courses. The narrow, 
up-slope part of a unit is a gathering ground where detritus is picked 
up; here, some erosion is accomplished. The larger down-slope lobe is 
a depositing ground; there, detritus is laid down in a delta-like sheet with 
a fairly well defined front. At the climax of a flood the surface of the 
slope in the flooded area is completely submerged; but as the flood sub- 
sides, its dwindling residual streamlets survive only along the main 
channels adjoining the head of each fan-shaped unit, and these chan- 
nels are then more or less interrupted by shoals. As the units are not 
sharply separated, there must be much spill-over from the depositing 
lobe of one unit to the head channels of the next, the growing frontal 
border of each delta advancing somewhat on the upper parts of the units 
next below. There must also be a certain amount of lateral rearrange- 
ment, whereby marginal currents shift their allegiance from one unit 
to another. Thus the units change their shape and size, and shift their 
position; their complexities are manifold. The braided flow of gravel- 
laden rivers and the low-water braided flow of silt-laden rivers in humid 
regions resemble the enmeshed drainage lines of sheetfloods in arid 
regions. 

One of the most striking peculiarities of sheetfloods is the shortness 
of their flow in distance as well as in time. This is because they are fed 
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by local and short-lived downpours of rain and because they are eagerly 
absorbed by the dry and pervious detrital slopes. They gain in depth 
while the rain lasts, but they soon lose the gain by soaking into the dry 
ground after the rain ceases; and so, before running more than a few miles, 
they vanish. The transportation that they accomplish is therefore patchy 
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Ficure 2.—Idealized diagram of the enmeshed lines of sheetflood flow 


in area as well as spasmodic in duration. Only occasionally are longer 
paths of flow or “washes” seen, perhaps the work of exceptional floods. 

The lateral limits of a flood are also ill-defined. Where there are moun- 
tain spurs or a few mounts, knobs, and hillocks, which represent the 
former extension of the spurs, these serve to separate the floods that 
come from neighboring mountain valleys; but adjacent floods may be- 
come confluent after the divides are passed. 

The time interval between successive floods on the same area must 
frequently be extremely long. One of the most clearly individualized, 
mud-flow-like deltas that I have seen on a detrital slope is crossed on 
the Cave Spring road to Death Valley, 25 miles northeast of Barstow 
and about half a mile north of the Paradise Spring turn-off. It is well 
over 100 feet in length and has a yellow-gray color, unlike the dull slaty- 
gray of the adjacent detrital surface of earlier deposition, which is a 
foot or two lower. Like many another deposit on a detrital slope, the 
yellow-gray delta has lain undisturbed so long that some of its sub- 
angular rocks, which must have been fairly firm when swept there, are 
now weathered into slightly disjointed fragments. The front of this delta 
is subdivided into small lobes; and each lobe has faintly marked trans- 
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verse belts of alternately finer ay 1 coarser detritus; these were taken 
to record wave-like ripples in the .iginal flow, although they no longer 
have a wave-like surface. 

A number of long, finger-like delta lobes have been seen, a foot or 
two above the adjacent surface, on the graded detrital slope or bahada 
that slants eastward from the Piute and Old Woman mountains into the 
broad Homer-Sablon trough in the eastern part of the desert. Their 
stony surface is free from the desert vegetation which grows around them. 
Many examples of these kinds might be cited, for they are commonplace 
features of the dry country. 


CONDITIONS OF FORMATION 


The condition essential to the formation of a sheetflood appears to be 
a heavy rain draining to or falling directly on a barren, graded detrital 
slope, where, immediately loaded to capacity, the flood may flow freely. 
A secondary condition appears to be the absence of a low-water stream 
during the long interval between sheetfloods; for such a stream would 
develop a channel in the detrital slope, and the channel would delay, if 
not prevent, the outspreading of the next sheetflood. 


WORK OF SHEETFLOODS 
If the rain falls on a barren mountain mass which drains to a graded 


detrital slope, the slanting surfaces of the mountain quickly become 
covered with a multitude of audibly rippling rills and streamlets, which 
unite in rushing torrents or streamfloods on the narrow beds of many 
confluent, steep-pitching ravines and thus reach a main valley. So far, 
probably because of high velocity by reason of concentrated flow, the 
flood .is somewhat underloaded and therefore performs much corrasive 
and erosive work; but after issuing from its narrow valley upon the 
piedmont slope it quickly spreads into a sheetflood which, running 
slower and at the same time picking up whatever additional detritus it 
can carry, promptly becomes fully loaded. Thereafter, the stream losing 
volume by in-soaking, the load is gradually laid down. 

The sheetflood drainage of a graded piedmont slope below a mountain 
face of back-weathering contrasts strongly with the inbranching torren- 
tial or streamflood drainage in the dissected mountain mass above and 
back of the slope. There the stream lines are narrow and well separated 
by high, rocky divides which they cannot submerge. But as soon as a 
torrential mountain streamflood issues from its valley upon the piedmont 
slope, it is transformed into a broadening sheetflood, an essentially un- 
divided, interwoven complex of drainage lines, as described so graphically 
in McGee’s account. 

On the other hand, if the heavy rain falls directly upon the detrital 
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slope, the sheetflood is formed at once. Then its thicker and faster-flow- 
ing part, quickly loaded to capacity, overtakes the thinner, down-slope 
part, and while thus gaining depth and velocity, it increases its load. 
But as soon as its depth and velocity are lessened by insoaking, deposi- 
tion begins and continues until the flood vanishes. 

Oldham (1888) has shown that this alternation from shallow erosion 
to thin deposition is reproduced on a vastly larger scale by the rivers 
that flow out from the Himalayas upon the great flat fans of the Gangetic 
plain of northern India. 

When the goal of a flood such as those being here considered is an 
aggrading playa, deposition will exceed scour by an infinitesimal amount 
on the graded slopes leading to the playa, and these slopes will therefore 
be differentially aggraded at about the same rate as the playa; but this 
rule does not hold on the upper slopes of the low domes that characterize 
the later stages of a degraded mountain mass, for there the rock floor 
slopes become slightly convex and rock-floor robbing takes place. 


PART II. STREAMFLOODS 
TRANSFORMATION OF SHEETFLOODS INTO STREAMFLOODS 


When the balanced conditions of sheetflood flow on a graded piedmont 
slope are modified in such a way as to prompt the floods to active erosion, 
they are soon transformed into individualized, confluent streamfloods, 
which excavate systems of close-set, inbranching valleys along the nearly 
parallel down-slope lines. But although the sheetfloods are thus trans- 
formed into streamfloods, the habit of spasmodic, impetuous flow is 
retained, and they are therefore called streamfloods instead of streams. 
The little valleys thus excavated are most of the time as dry as were 
the previously existing graded slopes into which they have been eroded. 

The process of transformation is eminently natural. It might even 
have been predicted theoretically, had the consequences of sheetflood 
conditions been attentively thought through. The enmeshed flow of 
sheetfloods contains innumerable little bifurcations. When erosion sets 
in, it is impossible that both members of an outgoing bifurcation should 
deepen their courses equally; one must soon become the deeper of the 
two, and the other will thereupon be abandoned. Thereafter, only con- 
fluent or inbranching streams survive, one member of which will usually 
be short and weak. The stronger members soon cut through the detrital 
cover of the graded slope into the disintegrated part of the underlying 
rock floor; and then, removing the weaker material, they attack the firm 
rock. As the cover is stripped off, the surface laid bare may be properly 
called a rock fan if it occupies a mountain-front embayment; elsewhere, 
it is simply a bared rock floor. It soon becomes a dissected fan or floor. 
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CAUSES OF THE TRANSFORMATION 


Differential uplift—Probably the most important cause of the trans- 
formation is deformational change in slope. Differential uplift by fault- 
ing usually produces tilting and an increased gradient. Stream floods 
then replace sheetfloods on the old surface, and short, steep valleys drain 
down the fault scarp and gnaw into the uplifted border. If there are 
any major water courses, the changes may cause them to become en- 
trenched or to shift their positions. Broadly or moderately upheaved or 
upwarped areas without fault scarps are reduced, chiefly under the lead- 
ership of streamfloods, to gently undulating rock floors in the form of 
domes or arches. 

The cause of the transformation may not always be immediately ap- 
parent. It is possible that in some cases it may result from climatic 
change. In southeastern Arizona, however, where the transformation has 
taken place extensively, the climate is still dry enough to favor sheetflood 
drainage in non-dissected areas. It would seem, therefore, to have been 
provoked there by some other cause. In certain of these cases, also, it 
appears to result from deformational increase of slope, as on both the 
northern and the southern slopes of the Santa Catalina Mountains, near 
Tucson in that region, as well as on the western slope of the Galiuro 
Mountains, 20 or 30 miles farther east; for although these slopes were 
previously graded as if by sheetfloods, they are now well dissected. In 
my recent accounts of those mountains (Davis, 1930, 1931), mention of 
the transformation was not made because it was not then understood. 


Dissection of the Keys Plateau—The Keys plateau—so called from 
a ranch on its margin—is apparently an upheaved fault-block portion of 
a graded, detritus-covered rock floor that had been developed piedmont 
to a reduced mountain before the uplift. It is situated in the Little San 
Bernardino Mountains, south of the long Lucerne-Dale trough. Its 
smooth, soil-covered, west-slanting upland, a few miles broad, is shown 
in Plate 2, figure 1. It is not dissected by many close-set, sub-parallel 
streamflood ravines running down its slope, but by a few valleys that are 
growing into its upper part against its slope, apparently from its faulted 
margin. One of these valleys may be reached by leaving the Lucerne- 
Dale trough east of its mid-length at a settlement known as Twenty-Nine 
Palms (named from the few survivors of a once more-widely indigenous 
forest), and ascending an open pass between Little San Bernardino and 
Pifion mountains; then turning west up a headward-growing valley, 
where a marvelous display of monoliths (Pl. 2, fig. 2) is soon reached. 
A second valley exposing similar granitic masses is found a few miles 
farther west, but I have not had opportunity of visiting it. There a rock 
column, precariously balanced on a fine pedestal (Pl. 2, fig. 3) deserves 
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to be called “Storrow’s Seismometer,” after its discoverer and photog- 
rapher. 


Dissected piedmont slope in the San Jacinto Mountains—A more 
striking case of the dissection of a graded piedmont slope after its uplift 
as a fault block is found in the San Jacinto Mountains, well outside the 
Mohave Desert but meriting mention because of its illustrative excel- 
lence. It may be reached in a day’s drive from Pasadena by taking the 
new Palms-to-Pines road over the range about 20 miles southeast of its 
northern termination in Mt. San Jacinto itself. The view that the pre- 
uplift form of this region was a lowland of far-advanced degradation has 
been generally accepted since Mendenhall first called attention to it in 
1905, for he then recognized an area west of the range as part of an 
extensive peneplain, other parts of which were identified, although as 
a rule much dissected, in neighboring ranges at altitudes of from 8,000 
to 10,000 feet. The relatively small fault block here considered may 
have a maximum diameter of 15 miles; its northeastern side probably 
originated as a part of the composite fault scarp by which the range rises 
from the adjoining desert trough; its northwestern and southern sides 
are cut down in narrow and deep canyons, which appear to be consequent 
on fault lines. Into these canyons drain countless streamflood ravines 
which, deepening as the canyons are approached, are now trenching the 
western piedmont slope of the residual mountains. On their other side, 
the residual mountains rise over the deeply dissected main fault scarp; 
but enough of the piedmont slope survives to prove its origin by arid 
erosion under the control of a lower baselevel. Hence, unlike the Keys 
plateau, this example illustrates not only the dissection of a piedmont 
rock floor as provoked by upfaulting, but also the transformation of pre- 
faulting, aggrading sheetfloods into post-faulting, dissecting streamfloods. 


Entrenched rivers—A sufficient cause for the change from sheetfloods 
to streamfloods is the lateral swing of a main river, whereby the base of 
a graded piedmont slope is undercut. A good example of this kind is 
found in the eastern part of the Mohave Desert, where the Colorado 
River, about 20 miies north of Needles, has swung westward against the 
base of a slope, which, now sharply dissected, descends from the broadly 
convex arch of the Manchester Divide, in the southern angle of Nevada. 
But rivers like the Colorado are rare in the desert. An equally efficient 
cause for the transformation is furnished by a river which, for whatever 
reason, entrenches its intersequent course between two aggraded slopes. 
It is probable that the San Pedro, a north-flowing branch of the west- 
flowing Gila in southeastern Arizona, to which further reference will be 
made in Part IV, has in this way contributed to the dissection of the 
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Santa Catalina and the Galiuro slopes, which slant down to it on the 
west and east. The cause of this entrenchment was apparently the estab- 
lishment of a connection between the San Pedro and the Gila, perhaps 
in consequence of increased rainfall during a late glacial epoch. The 
clearest case of this kind is that of the Mohave River, the cause of its 
entrenchment being recent uplift or, perhaps, a change in the regime 
of the river due to the capture of a considerable area of its headwaters 
and the principal source of its detrital load in the San Bernardino Moun- 
tains by Cajon Creek, which flows out to much lower ground on the 
opposite side of the range. A smaller example is shown in Figure 4, 
which will be discussed later. 


Dissected rock floor of Silver Mountain —The piedmont slope of Silver 
Mountain, which rises east of the Mohave River, 3 miles north of Victor- 
ville, merits a full description, not only because its rock floor has been 
stripped of its original cover and slightly dissected near the entrenched 
course of the river, but also because the stripped and dissected floor may 
be well seen from U. 8. Highway 66, which leads past it from the cities 
of southern California. The mountain is of complex structure, but its 
southern front is largely granitic. When seen from a few miles to the 
southwest, it has the appearance of a north-tilted fault block, which had 
been well degraded before it was tilted. The history of the mountain, 
concisely told in assertive form to save space, is as follows. 

An extensive, detritus-covered rock floor (L, L, Fig. 3) encroached 
upon the south-facing scarp of the fault block, as well as upon that of 
a small outlier (O, Fig. 3) a mile to the west, and gained a width of 
2 miles or more before the great uplift of San Bernardino and San Gabriel 
mountains, 18 miles or more to the south and southwest. Singularly 
enough, that uplift does not seem to have disturbed the Silver Mountain 
area. In consequence of it, the piedmont slope of the mountain, slowly 
growing in the meantime, was increasingly overlapped by a great outwash 
plain from the southern mountains. The Mohave River, which must 
have been an insignificant water course before the mountains were 
raised, gained volume in consequence of their rise and was pushed into 
an intersequent course between the growing outwashed plain on the 
southwest and the previously developed piedmont slope on the northeast. 
As long as the outwash plain continued to extend its overiap on the pied- 
mont slope by aggradational growth, the river was pushed farther and 
farther toward Silver Mountain and its outlier. 

The river was at the same time pushed against the western face of an 
outlying granitic knob, known as Chapooli Peak, 3 miles south of Silver 
Mountain front and next east of Victorville. It there undercut the knob 
in rocky bluffs of moderate height. The bluffs are seen well above the 
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Ficure 3. STORROW’S SEISMOGRAPH IN AN ERODED VALLEY 
Photographs by Samuel Storrow. 
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present course of the river, as one approaches Victorville along the high- 
way from the famous Cajon Pass between the San Bernardino and the 
San Gabriel mountains on the southwest. 

After a time a change occurred in the regime of the river, probably 
in consequence of the excavation of Cajon Pass, as already suggested. 


Figure 3.—Silver Mountain and its western outlier 


Showing piedmont slope. Looking north and northeast. (LL) detritus-covered rock floor; (MM) 
Mohave River; (G) North Gorge; (RR) railroad; (FF) floodplain of Mohave River; (SS) Silver 
Mountain; (O) its outlier; (N) northern spur of outwash plain. 


Thereupon the river began to entrench itself beneath the course it hap- 
pened to have when the change occurred. It has thus excavated a valley 
about 100 feet in depth, which is narrow and gorge-like where it is cut 
down in the granites of Chapooli Peak and, farther north, into those of 
the Silver Mountain outlier; but it is broadly opened with a floodplain 
floor where it is eroded in the unconsolidated gravels and sands of the 
outwash plain, up-stream (south) from the southern gorge, between the 
two gorges, and down-stream (north) from the northern gorge. Mod- 
erately degraded spurs of the outwash plain stretch toward the gorges. 
The inter-gorge strath (F, F, Fig. 3), which widens eastward between the 
opposite slopes of Silver Mountain and Chapooli Peak, is occupied in its 
southern part by Victorville; there the rock walls of the southern gorge 
serve, at mid-height, as abutments for a road bridge leading eastward 
to the great Lucerne-Dale trough. A double-track railroad (R, R, Fig. 3), 
used jointly by the Santa Fe and the Union Pacific systems, follows the 
river, crossing it near the northern gorge. The highway, descending into 
Victorville from the outwash plain on the southwest, follows the western 
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side of the inter-gorge strath northward and rises over the northern spur 
(N, Fig. 3) of the outwash plain before descending to its river bridge at 
the northern end of the northern gorge (G, Fig. 3). We are here partic- 
ularly concerned with the view of the stripped and dissected rock floor 
of the Silver Mountain outlier, as seen from the northern spur. 

The rock floor was, before its recent dissection, normally surfaced with 
disintegrated rock in place, as is well shown on both sides of the 15-foot 
cut made by the highway in the crest of the spur (PI. 3, fig. 1). On the 
descent to the bridge, 35 feet below the crest, a 10-foot cut is in imper- 
fectly decomposed rock (Pl. 3, fig. 2). Near the bridge and 25 feet still 
lower, a 15-foot cut is in firm rock (PI. 3, fig. 3). The decomposed rock 
in the crest-cut still shows its disorderly jointed structure; its evenly 
truncated surface is locally overlain by 10 or 15 feet of detritus, which 
before the entrenchment of the river rose some 50 feet higher. A study of 
the pebbles in this cover may perhaps determine how much of its detritus 
belongs to the sheetflood cover of the rock floor, and how much to the 
outwash plain from the southern mountains. 

The river gorge is here incised a quarter-mile or more southwest of 
the intersequent course that it must have been given when the outwash 
plain reached its highest level. It may therefore be supposed that the 
river had wandered away from that course after the active growth of 
the plain had ceased and before the active erosion of the valley had 
begun, and that it thus came to be superposed on the buried rock floor 
well forward on its slope. In consequence of the incision, all the outwash 
gravels, all the local detrital cover of the rock floor, and most of its 
decomposed surface rock have been stripped away (Pl. 4) near the 
gorge, and the firm rock * thus laid bare has been trenched by many short 
lateral ravines. It seems clear that the wet-weather streamfloods of 
these ravines have completely replaced the sheetfloods of the original, 
detritus-covered rock floor. It is hardly less clear that, if the now 
stripped and dissected floor had its gorges and ravines refilled and its 
decomposed surface rock replaced, the restored slope would have to be 
convex with increasing declivity downward; otherwise the rock mass 
could not disappear as completely as it does where the Mohave has 
opened its flood plain west of the outlier. Hence, the fault by which 
the southwestern border of the Silver Mountain block was defined prob- 
ably lies below the northern flood plain near its eastern margin. 

If we now return to Victorville and, after crossing the bridge in the 
southern gorge, turn first northeast and then east on the main piedmont 
slope of Silver Mountain, the stripping of the detrital cover and the 


1 The bared rock is hereabouts given a delicate bluish color by adhering dust from near-by cement 
works, 


fe 
| 
| 
‘ 
i 
ip i 


STREAMFLOODS 1353 


incision of ravines in the underlying rock floor are found to be less and 
less marked as we advance. Opposite the middle of the mountain front 
(S, 8, Fig. 3) the cover, marked with numerous sheetflood channels, sur- 
vives continuously, except for narrow and shallow, wide-spaced ravines, 
which reach the rock floor only near their heads. Two such ravines pass 
near the bouldery mount, shown in Figure 22 and Plate 11, figures 1 


Ficure 4—Intersequent streamflood course 
Between the piedmont slopes of Bullion and Sheephole mountains, looking south. 


and 2; but they do not trim its irregular margin. Here, streamfloods 
are just beginning the conquest of sheetfloods, which they have completed 
near the river. A mile farther east, the detrital cover is not ravined at 
all; there the sheetfloods are still supreme, as if the effect of the Mohave 
incision had not yet gone so far. Thus the dissected Silver Mountain 
piedmont slope repeats on a larger scale, and much more understandably, 
the lesson of other dissected slopes. 


Integration of drainage systems.—When, in the progress of drainage 
integration, a high-level playa in a region of prevailingly aggrading 
playas becomes tributary to a lower-level playa, all the area draining 
to the high-level playa will be for a time degraded, perhaps at first by 
trenching streamfloods, later by returning sheetfloods. 

Locally stripped and dissected rock floors—Stripped and dissected rock 
floors are found over moderate areas on various well-developed piedmont 
slopes, where none of the already suggested causes for dissection seem 
to have been operative. For example, a patch in the upper part of the 
piedmont slope (Pl. 5) on the south side of the Granite Mountains, 45 
miles northeast of Barstow, is locally dissected to a depth of 8 or 10 
feet, although the smaller uppermost part of the slope and a large stretch 
of the lower part remain undissected and still bear a detrital cover. 
Similarly, a small area on the northern slope of the Noble Dome, to 
be described later, 25 miles northeast of Barstow, and another small area 
on the piedmont slope of the Paradise Mountains (Pl. 6, fig. 1), a few 
miles to the south, are dissected so sharply that the Cave Spring road 
is execrably rough where it crosses them. 
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One of the finest examples of a locally dissected rock floor that I have 
come upon is in the upper medial surface (Pl. 6, fig. 2), of the broadly 
opened and gently arched pass (Fig. 4) between Bullion and Sheephole 
mountains, south of the Bristol playa, although the sides of the pass 
near the mountains (Pl. 10, figs. 1 and 2) and the lower slopes, are 
not dissected. A visit to it may be strongly recommended, especially as 
a fair road leads over this pass, and 75 miles of the distance eastward 
from Barstow is made over a first-class highway. Many other examples 
of local dissection probably occur; those here mentioned have come to my 
attention only because passable roads happen to lead over them. No 
adequate explanation of these local replacements of sheetflood gradation 
by streamflood dissection has been found. 


Desert stream courses.—In addition to the areas of streamflood erosion 
just described, well-defined stream courses or “washes” result from the 
confluence of sheetfloods in certain situations on arid detrital slopes. The 
most important of such washes are along the physiographic axes of inter- 
mont depressions or troughs, where the confluent fans on the opposite 
sides of the depression meet and thus define what Buwalda (1932, p. 228) 
has called “intersequent streams”. A good example of this kind is seen 
in the relatively narrow trough between Paradise Mountains and the 
Noble Dome, 23 miles northeast of Barstow. A similar but shorter stream 
course follows down the mid-line on the northern slope of the well-opened 
pass between Bullion and Sheephole mountains in the eastern part of the 
desert, as shown in Figure 4; the path of this stream course is determined 
by the obliquely converging slopes from the two sides of the pass. In 
the much-broader Lanfair-Cadiz trough, farther to the northeast, the 
axis is so broad and so vaguely defined between the faint lateral slopes 
that the longitudinal “wash” is divided into several irregularly braided 
channels. 

Next in importance in determining stream courses are the entrants 
where the graded slopes of adjacent mountains slant obliquely toward 
each other and meet along in-turned contour lines. Thus the northeast 
slope of the Cima Dome and the west slope of the Ivanpah Mountains 
limit a well-maintained, one-channel “wash” for several miles. Similar 
washes are as a rule absent from both the flanking slopes, although they 
are sometimes seen, as in Figure 20, at the heads of fans in embayments, 
as if the impetuous floods which issue from the mountain valleys had 
not there had time to broaden into sheetfloods; or as if the lingering 
outflow of a dwindling torrent slightly trenched the fan previously built 
by the full force of the flood. Finally, sheetfloods may be locally con- 
verted into stream courses, where they run against an interfering spur 
or mount; a case of this kind will be described later. 
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SURFACES PIEDMONT TO SILVER MOUNTAIN OUTLIER 


Stripped and ravined rock floor, near Mohave River gorge. 
Photographs by Samuel Storrow. 
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Figure 2. View westward. 
Photographs by Samuel Storrow. 


LOCALLY DISSECTED ROCK FLOOR SOUTH OF THE GRANITE MOUNTAINS 
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This formation of streamfloods where sheetfloods run together from 
opposing slopes, is a phenomenon of different nature and cause from the 
development of streamfloods previously described. Permanently flowing 
or through-flowing streams belong to an even more distinct classification. 


Ficure 5.—Artificial conversion of sheetflood into streamflood 


Artificial conversion of sheetfloods into streamfloods—The approved 
construction of highways across the desert involves the diversion and 
concentration of sheetfloods by converging dikes on the up-slope side of 
the roadway, so that in each instance the turn-off shall pass as a stream- 
flood under a bridge, after which it is left free to flow as it likes. In 
consequence of active scour while thus concentrated, the streamflood be- 
comes heavily loaded; but farther down its free course, it soon begins 
to spread again, thereupon laying down some of its load and broadening 
into a sheetflood, as illustrated in Figure 5. 
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WORK OF STREAMFLOODS 


Both sheetfloods and streamfloods are engaged in erosion, transporta- 
tion, and deposition; but in the case of streamfloods the emphasis is more 
on erosion and transportation. Streamfloods tend to attack any area in 
which deformation has increased the gradients of the slopes. If the 
deformation that causes the transformation of sheetfloods into stream- 
floods or the deformation that rejuvenates the streamfloods is slight or 
gradual, and if the exposed materials do not produce by weathering a 
protective covering of boulders on the surface of the slopes, streamfloods 
will control the form of the surface during the intermediate or more pre- 
dominantly erosional stage, while the surface is being reduced to the new 
graded levels and before the streamfloods are transformed back into 
sheetfloods. This process I refer to as down-wearing degradation, to 
contrast it with the back-wearing degradation that is characteristic of 
the many bold-fronted masses of higher mountains and boulder-pro- 
tected hills, with, below, their gently inclined piedmont slopes, graded by 
sheetfloods. Hilly areas of down-wearing degradation, as well as the 
other forms of desert mountains, will be discussed more at length in 
Part ITI. 
TRANSFORMATION OF STREAMFLOODS BACK INTO SHEETFLOODS = - 


As the streamfloods accomplish their task of reducing the surface to 
new graded levels, which usually involves the stripping off of all detrital 
coverings and the exposure and dissection of rock floors, conditions satis- 
factory to sheetfloods are again reproduced and the streamfloods are 
transformed back into sheetfloods. Bryan (1926) has discussed the ero- 
sion of an extensive rock floor around the old mining town of Tombstone 
in southeastern Arizona, whereby it has been reduced to a newer and less 
extensive floor at a lower level, though he does not clearly describe as a 
sequence of events that the sheetfloods of the original floor were trans- 
formed into streamfloods when the erosion began or that the streamfloods 
were transformed back again into sheetfloods after the new floor was 
completed. 

The best example of the kind that I have found in the Mohave Desert 
is crossed by the Cave Spring road some 30 miles northeast of Barstow, 
where the road descends the long northern slope of the Noble Dome. A 
small upper belt of the slope is still little dissected; this part is followed 
by a second belt where a good number of close-set, sub-parallel valleys, 
hardly more than 10 feet deep, are cut into the rock floor which has there 
lost its cover. Down the slope these valleys slowly widen at the expense 
of the intervening ridges, which are reduced to “stickleback” forms before 
they disappear and leave the lower part of the floor occupied by a normal, 
detritus-covered slope of a younger generation than the upper part. There 
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sheetfloods prevail, but the little valleys are clearly the work of stream- 
floods. It must therefore be supposed that, possibly because of a slight 
tilting of the district, a graded piedmont slope of earlier development has 
here been reduced, for the most part under the leadership of streamfloods, 
to a similar slope of later development and lower level. This slope might 
therefore be regarded as an example of a low and broadly benched moun- 
tain front, such as is shown in Block 2 of Figure 6; but cases of this kind 
are not common. The partly dissected rock floor of the Granite Moun- 
tains (Pl. 5) may be an example of this type. A much-dissected rock floor 
on the northern piedmont slope of the San Bernardino Mountains (PI. 6, 
fig. 3) may also belong to this type. 


PART III. SHEETFLOODS AND STREAMFLOODS IN THE DESERT 
EROSION CYCLE 


YOUTHFUL MOUNTAINS 


Origin of fault-block ranges—I have proposed (Davis, 1925, 1932) 
a simplified historico-explanatory terminology to describe the Basin 
Ranges. This terminology can be conveniently applied to the ranges 
found in the desert region of southwestern United States. The surface 
of generally low relief to which the Mesozoic and early Tertiary com- 
pressional mountains were reduced by erosion during Tertiary time, I 
have called the Powell surface. This surface has been broken up into 
fault blocks which I have called the Gilbert fault blocks. Lava flows 
which before the faulting lay as thin sheets on the Powell surface have 
been displaced and usually tilted by the faulting. The evidence they 
give of the faulting corroborates that afforded by the fairly simple base 
lines of many of the ranges, which obliquely transect the compressionally 
deformed structures of the ranges. The lava flows I have called louder- 
backs. Lawson (1915), on considering the processes of desert weathering, 
erosion, transportation, and deposition, recognized that the present moun- 
tain masses originated as up-heaved fault blocks and that the present 
mountain faces have been worn back from the original fault scarps and 
now exhibit various stages of arid dissection. 


Time and nature of faulting—None of the mountains in the region 
under consideration, so far as I have seen, possesses benched faces, like 
those of Block 2, Figure 6, as would be expected if the upheaval had been 
intermittent. Hence, it may be reasonably supposed that, at whatever 
rate the upheaval began, its latest and greatest movement was fairly 
continuous until it stopped, and that the movement was, as a whole, so 
rapid as greatly to exceed the work of contemporaneous subaerial degra- 
dation. The advanced stage of the back-wearing of many of the fronts, 
with the extensive and well-graded piedmont slopes of detritus before 
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them, underlain, as at present believed, at a small but forward-increasing 
depth, by a rock floor, as in Block 8, Figure 6, indicates that a long period 
of repose has elapsed since the latest upheaval practically ceased. This 
inference is in a measure confirmed by the rarity of small fault scarps 
in the slopes adjacent to mountain bases in the Mohave Desert region, 


5d 


Ficure 6—Reduction of a fault block to an irregularly embayed mountain and a 
smoothly arched dome 


although such scarps are plentiful in association with the younger ranges 
in the rest of the Great Basin region, the fronts of many of which have 
retreated relatively little. The period of repose has, indeed, been so long 
in certain parts of the Mohave Desert that mountains made of granite 
rocks have been reduced by slow degradation to smoothly convex domes, 
as in Block 4, Figure 6. An actual example of this kind, which is further 
described later, is shown in Plate 1. In certain cases the resulting domes 
have been reduced to faint convexity, as in Block 5, Figure 6; a number 
of these faint domes are found in the western part of the desert, which 
is really a peneplain in the making. 

Another lesson can be learned from the instructive locality at Silver 
Mountain as to the time of the production by back-wearing of the gra- 
nitic rock floors of the Mohave Desert. From what has already been 
said, it would seem that the Silver Mountain mass was uplifted so much 
earlier than the larger mountain ranges to the south, that its detritus- 
covered rock floor had been well developed before the outwash plain of 
the southern ranges buried its lower part. And in view of the fact that’ 
the southern ranges, although now for the most part maturely dissected 
by deeply eroded valleys, have not yet retreated enough along their bold 
southern face to develop any significant rock floor, it may be supposed 
that the frontal face of Silver Mountain also has not retreated greatly 
during the relatively short period of submature dissection of the greater 
ranges. In other words, the rock floor and its detrital-cover piedmont 
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to Silver Mountain had gained nearly their present extension before the 
greater ranges to the south were uplifted. 

Furthermore, although the uplift of the southern ranges is estimated 
to have measured many thousand feet along their southern border where 
upfaulting of overthrust nature is believed to have taken place, Silver 
Mountain, as already intimated, does not seem to have been disturbed by 
that great displacement; for, although its detritus-covered rock floor is 
stripped and ravined near the newly entrenched course of the Mohave, 
it is not affected 3 miles to the east. The same immunity from recent 
disturbance seems to have held for large areas in the more-western part 
of the Mohave Desert; for, although the desert is there also bounded on 
the south by the recently uplifted San Gabriel Mountains and on the 
north by the still more recently uplifted Paso Range, an extensive, well- 
developed and undisturbed peneplain (Fig. 27) stands between the ranges, 
and appears to be still undergoing a very slow continuation of the degra- 
dation which has already so long persisted. It is in this district that 
the least convex granitic domes, already referred to, are found, as is more 
fully explained in my other essay; and for that reason I have ventured 
to regard that long-quiescent area as a part of the vast Powell surface 
of advanced degradation which formerly extended, presumably in a less- 
degraded form than in this district, over the sites where the Basin Ranges, 
and probably the Sierra Nevada also, have since been uplifted. 


Types of desert mountains —The mountains of the Mohave Desert are 
chiefly of two classes with respect to their manner of weathering: first, 
those composed of fine-grained, resistant rocks of miscellaneous types 
which weather into angular blocks, scraps, grains, and dust of all sizes, 
with little disintegration of their fine-grained minerals; and second, those 
composed of less-resistant granitic rocks and certain forms of lavas, the 
large angular joint blocks of which weather into rounded boulders, grains, 
and dust, without scraps of intermediate size except as occasionally sup- 
plied by quartz veins and aplite dikes or other very subordinate bodies. 

Bryan (1922, p. 42-46) has shown that, in consequence of these habits 
of weathering, the slopes of the boulder-clad mountains maintain an al- 
most constant declivity, which changes abruptly at the base to the much- 
lower declivity of the piedmont slopes; whereas the retreating faces of 
mountains composed of miscellaneous or more closely jointed materials, 
although here and there showing ledges where more-resistant cores crop 
out, are, for the most part, covered by detritus of intermediate size 
which blends by gracefully concave basal profiles into the graded pied- 
mont slopes. Lawson (1915, p. 30) had previously demonstrated that 
the angle maintained by the boulder-clad slopes is related to the size of 
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the boulders, being steeper where the boulders are larger.2 In my earlier 
essay (Davis, 1933) I have described a number of examples of these two 
classes of forms in various stages of degradation. 


Weathering of granite—The boulders that abound on the roughly 
graded faces of granitic mountains are not the product of physical dis- 


Ficure 7—Development of granitic boulders by subsoil weathering 


integration caused by diurnal changes of temperature at their surface, 
but, as Blackwelder (1925) has pointed out, of underground chemical de- 
composition of certain minerals, which appears to be promoted by small 
quantities of percolating water initially entering along joint planes and 
gradually penetrating the pores of the joint blocks. This is proved by 
the occurrence of disintegrated rock well below the surface, as shown 
in artificial cuts (Pls. 3, 7). Decomposition penetrates not only all 
around the subsoil boulders but also below them, as shown in Figure 7. 
Thus prepared, the boulders are laid bare by the removal of the soil from 
above, around, and beneath them by wash and creep. When a higher 
boulder is thus left unsupported it falls or rolls down upon a lower one. 
Only when thus exposed, may physical disintegration and surface flaking 
be promoted by diurnal changes of temperatures. Inasmuch as a supply 
of subsoil boulders is always ready to be laid bare as the mountain face 
retreats, it would seem that, after the face is roughly graded, its further 
retreat is at about the same rate as the inward penetration of subsoil de- 
composition. Let it be understood, therefore, that the boulders which so 
conspicuously cover the faces of desert granitic mountains (PI. 11, fig. 3) 


2 The maintenance of an essentially constant declivity during the retreat of a boulder-clad slope 
and of a fairly sharp angle at its base is not limited to arid regions, but may be seen wherever 
boulder-clad slopes occur; for example, where a talus is formed of the blocks broken off from the 
resistant capping layer of a mesa. Such a talus not only keeps essentially the same slope as it 
retreats, but also passes by a fairly sharp angle to a gently slanting lower land, across which the 
fine waste from both the talus blocks and the weak strata behind them is washed by wet-weather 
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Figure 3. Residuals of a greatly dissected rock floor, north of the San Bernardino Mountains. 
Photographs by Samuel Storrow. 


ROCK FLOORS 


| 
Figure 1. Shallow valley near Paradise Spring, 20 miles northeast of Barstow. a: 
Figure 2. Shallow valley in Bullion Mountains. . 
a 
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SOIL-CREEP 


Displacement of fragments of thin, aplite dikes in granitic soil, inland from San Diego. The fragment 
near the notebook has crept nearly 2 feet. Photographs taken by LaMotte. 
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are homologus with the invisible boulders of similar mountains in humid 
regions, although these are covered with a forested soil, as I have else- 
where shown (Davis, 1930). 

After a subsoil granitic boulder is laid bare, it is reduced to smaller and 
smaller size by a continuance of the decomposition that was begun under- 
ground, and here physical disintegration may aid, as already noted; but 
chemical decomposition continues within the boulder, for, when it is re- 
duced to a diameter of a foot, more or less, it falls to pieces in grains. 
Thus, granitic rocks are reduced to rounded boulders, grains, and dust, 
but not to scraps of size intermediate between boulders and grains, ex- 
cept as scraps may be supplied from quartz veins or aplite dikes. So in- 
terpreted, the presence of joints is the essential prerequisite for boulder 
production. Close-set joints determine small boulders; wide-spaced 
joints determine large boulders; but the latter are eventually reduced to 
small size. 

The weathering of granitic rocks is of particular importance because 
of the predominance of such rocks in supplying the boulder-clad slopes 
of the desert. The desert weathering of dense, non-granitic igneous rocks 
presumably proceeds in a similar manner, but, so far as I have seen, it 
penetrates to less depth, and it yields subangular blocks, scraps, grains, 
and dust of all sizes. For this reason, mountains of granitic and of non- 
granitic rocks exhibit different forms and must be given separate treat- 
ment. 


Comparison of arid and subarid granitic mountains.—A visit to San 
Diego, close to the southwest corner of California, and an excursion into 
its granitic, submountainous backland, where the rainfall at altitudes be- 
tween 1500 and 3000 feet varies from 15 to 30 inches a year, gave me a 
brief opportunity for comparing the land forms seen there with those 
of the desert farther inland. They are, as a rule, much more largely 
soil- and plant-covered; only the higher and steeper mounts are visibly 
boulder-clad. Instead of retaining a fairly uniform slope in true desert 
fashion, their slope becomes weaker and weaker as the mounts are worn 
away; and as it weakens, the lowered mounts become more and more 
covered with bushy thickets or “chaparral’,® through which boulders are 

8 This Spanish term is applied to thickets which, according to Jepson’s manual of flowering plants 
in California (Berkeley, California, 1923), result from long-continued ravage by fire, in consequence 
of which slower-growing trees have been replaced by smaller forms of quicker growth. The original 
meaning of the teym was a thicket of scrub oak or “‘chaparro,’’ but it has been extended to thickets 
of other kinds, one of the commonest being made up of the so-called gr d or “chami 
(Ad t latum), an excessively prolific seed-bearer. The leather breeches worn by cowboys 
riding throws thickets are known as “chaps,” abbreviated form of chaparajos, the Mexican name 
for leather overalls worn as protection against thorns. An amusing account is given by W. H. 
Brewer, botanist of the California Geological Survey under J. D. Whitney in the ’60s and later 


professor of botany at Yale University, of his first ascent of a chaparral-covered mountain, in his 
letters recently published under the title: “Up and down California in 1860-64’’ [New Haven, Conn. 


(1930) p. 37]. 
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seen in decreasing numbers. Soil-creep, less efficient on desert granitic 
mountains because of soil discontinuity, is evidently an effective agency 
of degradation here, as may be learned from the down-slope displacement 
of scraps of aplite dikes in roadside cuts (PI. 7). 


Ficure 8.—Block diagrams of a retreating fault scarp over a growing, detritus-covered 
rock floor 


A trip over the jumble of moderately dissected fault blocks that con- 
stitutes the San Jacinto Range, the northernmost and highest of the south- 
east-trending Peninsular Ranges of southern California, shows forms of 
subarid erosion, where granite ledges and boulders crop out abundantly 
through heavy chaparral, on the southwestern or windward and rainier 
slopes. They contrast strongly with the extremely barren surface of the 
northeastern slope of .the range, which descends to the unmitigated desert 
—now redeemed by irrigation in limited areas—of the great aggraded 
trough by which that range is separated from the San Bernardino Moun- 
tains and their associates. Road-cuts through the chaparral on the 
southwestern slope repeatedly exhibit the development of subsoil bould- 
ers by deep-penetrating decomposition of the jointed granite. 


Degrading of fault scarps and formation of bahadas.—The following 
discussion will begin, as did Lawson’s analysis in his “Epigene profiles 
of the desert” (1915), with a desert mountain mass, the highland surface 
of which is of low relief and the front of which is a fault scarp drained to 
a closed basin. For simplicity of introductory discussion, the mountain 
mass will be assumed to be of granite. The characters of a non-granitic 
fault-block mountain will differ only in the sharpness of the contrast be- 
tween the mountain and the piedmont slopes. The case of a more un- 
even mass, of whatever composition, which slopes gently away from a 
low scarp will be presented later. 

The face of the growing fault scarp will be attacked all over its juvenile 
surface by the weather, and thus will soon be reduced to a roughly graded, 
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back-slanting, boulder-clad surface which, as Lawson and others have 
shown, will thereafter retreat parallel to itself, while the detritus that it 
sheds will accumulate at its base, as in the diagram, Block 1, Figure 8, 
which is a perspective development of Lawson’s profiles. The extensive 
and well-graded piedmont slopes of detritus which flank many of the 
mountains are believed, as already noted, to be underlaid at a small but 
forward-increasing depth by a rock floor. If a pause in the faulting 
takes place at this stage, the boulder-clad surface will continue to retreat 
and its detritus will, as soon as it gains a graded surface, be washed for- 
ward by sheetfloods so as to form a sloping bahada, the shorter, inner part 
of which will rest on and conceal a convex rock floor. If faulting be now 
renewed, another pause may occur when the upfaulted mass reaches the 
height of Block 2, Figure 8. The previously developed rock floor will 
then be destroyed in the production of another similar floor at a lower 
level. This will, in turn, be destroyed after faulting is again renewed 
and the full height of Block 3, Figure 8, is gained. If faulting then 
ceases, the retreating mountain face, the convex rock floor at its base, 
and the aggrading detrital cover will assume the successive, systema- 
tically varying forms given in Blocks 4 to 6, Figure 8, it being under- 
stood that the detrital cover or bahada extends with less and less de- 
clivity to a level, aggrading playa, not shown in the diagram, which there- 
fore serves as a rising baselevel. 

In the special case of granitic mountains here postulated, the base of 
the retreating mountain front, the slope of which is usually 35° or more, 
is abruptly joined by the graded bahada, the slope of which is 7° or 
less. The junction seems sharply angular when seen at a distance of 
half a mile or more; but, when closely examined, it is found to include a 
short concave curve. In the case of non-granitic mountains the junction 


Reasons are given in my earlier essay (1933) for following the example of my predecessors in 
abandoning the terms introduced by their predecessors and adopting, as they did, new terms. Thus 
the term, pediment, which McGee used in a descriptive sense and which Bryan and others have 

dopted in a technical sense; as well as conoplain, introduced by Ogilvie; graded plain as used 
by ‘Udden; rock-cut bench as used by Paige; suballuvial bench, used by Lawson; and bench or 
shelf as used by Berkey and Morris, are here replaced by “rock floor’, which serves not only 
for the feature here under discussion in all stages of its development in arid regions, but also 
and equally well for its widely developed homologue in humid regions, as I have shown in another 
paper (1930). The principle here followed is that when an earlier proposed explanatory term is 
found to be unsuitable for a later extension of its use—in this case, when mountain-base pediment, 
or plain, or bench, or shelf, is found to be an unsuitable term for its extension in a smooth dome 
or arch over the very crest of a completely degraded mountain mass—it is desirable to replace it 
by a more suitable term. The generally preferred term will eventually survive under competition. 
The law of priority should be observed for terms that merely name land forms, but it should not 
necessarily hold for terms which give a more or less explanatory description of them, especially when 
such description becomes inapplicable. Similarly, when a term is better than its first definition, 
the definition, but not the term, should be changed. For example, Powell’s original definition of 
baselevel as meaning “‘in fact ...an imaginary surface, inclining slightly in all its parts toward 
the lower end of the principal stream draining the area through which the level is supposed to 
extend,” is fortunately replaced by Gilbert’s simpler definition, ‘“‘baselevel is the level base... .” 
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of mountain front and bahada is made by a longer curve, as will be fur- 
ther explained on a later page. 

During the progress of the changes outlined in Figure 8, the rock floor, 
which as Lawson has shown is of hyperbolic profile, decreases its con- 
vexity up-slope until it has essentially the same declivity as that of its 
detrital cover; and the cover in its nearly rectilinear upper part simu- 
lates the asymptote of the hyperbolic floor. Thus the uppermost exten- 
sion of the cover is reduced to feather-edge thinness, as in Block 5, Figure 
8. The retreating mountain face is at the same time reduced in area, 
and, when it is thus so much reduced that it no longer sheds enough 
detritus to load the local sheetfloods to capacity, they begin to rob the 
floor, which thereupon becomes gently convex, as in Block 6, Figure 8. 
The arched summit of Block 4, Figure 6, thus accounted for is a depar- 
ture from Lawson’s scheme, as is more fully explained in my previous 
essay (1933). 


The playa problem.—The surface forms of playas have been well de- 
scribed by I. C. Russell (1895) and their underground structure has 
been ingeniously inferred by Lawson (1915). The great volume of 
their deposits, and therewith the great depth of their depressed floors, 
also deserve consideration, if,they really contain all the detritus that 
has been washed into them from the surrounding strongly dissected 
and degraded mountains. The question thus arises whether any con- 
siderable share of that detritus has been blown away by the winds; 
not merely blown from one playa basin to another, but actually ex- 
ported from the playa region to be deposited somewhere else or to sink 
to the ocean bottom. Such a possibility appears, according to Black- 
welder (1931a), to have been an actuality between many of the ranges 
of the Great Basin region; and the same is true, according to Berkey 
and Morris (1927), on a much larger scale in Mongolia. This problem 
is difficult of solution, but it certainly deserves consideration. Its in- 
fluence on the production of bare rock floors is further considered in 
Part IV. . 

The great rock-bottom depth that must be assumed for certain 
playas, unless much of their inwashed waste has been carried away by 
the winds, is indicated by the relatively small Bicycle Playa, south of 
the Granite Mountains and west of Tiefort Mountain, 35 miles north- 
east of Barstow. Its flat surface measures at present only 2 miles 
across, but it is adjoined by extensive detrital slopes which slant down 
to it on all sides from much-eroded mountains. Its total drainage area 
measures about 10 by 15 miles. Two intermont basaltic mesas—one 
near the playa on the south, the other farther removed on the south- 
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west—surmount the surrounding detrital slopes by from 200 to 400 or 
500 feet and thus testify to a lowering of their part of the basin by that 
measure at least, and at the same time eliminate the area which they 
occupy from the possible areas of earlier playa extension. It may 
therefore be necessary to appeal to the exportation of a considerable 
volume of wind-borne dust from this basin in order to avoid accepting 
an extravagant measure for its depth. 

A by-product of playa study may be noted. A small and well-dis- 
sected mountain group stands next southeast of the great Bristol Playa 
near Cadiz in the southeastern part of the Mohave Desert and has its 
valleys well filled with playa dust and silt, which incidently attests 
the removal of a considerable volume of detritus from the playa by the 
wind, though not its exportation from the region. But the point to 
which attention is here directed is that, under such conditions, the fur- 
ther erosion of the smothered valleys is prevented, although such ero- 
sion is now in intermittent progress in the valleys of the neighboring 
mountains. The erosion that the smothered valleys have already un- 
dergone must therefore be referred to earlier times, when the smother- 
ing dust was absent. Such times may have been provided during 
humid epochs in the desert, the equivalent of glacial epochs elsewhere; 
for then the playa should have been covered by the waters of a shallow 
lake. If sections of the dust and silt in the valleys were exposed, it 
would be interesting to examine them, to discover whether they in- 
clude buried soils representing humid epochs, such as Sayles (1931) 
has discovered in the calcareous sands of Bermuda. 


Summary of conditions in youthful regions—The work of sheet- 
floods and streamfloods in youthful regions has now been fairly thor- 
oughly described. Streamfloods carry on the work of erosion and 
transportation in the uplifted areas, assisted, of course, by gravity and 
by rain and rill wash on the steep slopes. When the streamfloods 
emerge from the canyons or valleys at the mountain front, they spread 
out into sheetfloods, which deposit the load, pick it up again, and carry 
it along in steps, regulating and building up the surface of the bahada, 
and eventually delivering the finer material to the aggrading playa. 


AN INTERMEDIATE STAGE—THE DEVELOPMENT OF EMBAYMENTS 


Two Theories—The retreat of a mountain face cannot be so uniform 
as it is shown in the several blocks of Figure 8. The face must retreat 
somewhat faster at one point than at another; and especially fast 
where it is cut into by streamfloods which trench the undulating high- 
land, back of the original mountain face. There the face will be worn 
and weathered back in a triangular embayment, which will narrow to 
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its apex where the stream issues from its mountain canyon. In time, 
two adjoining embayments of this kind will grow so large that they 
will consume all the mountain face between them and replace it by a 
sharp spur. As the growth continues, the spur may be narrowed some- 
what irregularly, and its terminal part may be thus reduced to a series 
of isolated mounts and knobs, as in Block 3, Figure 6. 

The manner in which an embayment of this kind is produced must 
now be considered more closely. Some observers explain its growth 
by the back-weathering of the enclosing mountain faces, accelerated 
by the lateral erosion of the mountain floods, which are assumed now 
and again to swing against them. Other observers, who find that 
mountain streams are transformed into non-eroding sheetfloods as soon 
as they escape from their narrow canyons, ascribe the widening of the 
embayment wholly to the back-weathering of its side slopes, assisted, 
of course, by rain and rill wash, but without any aid from lateral 
stream erosion along their bases. The difference between the two 
views is not great as far as the retreat of the side slopes is concerned; 
it is more significant with regard to the detailed forms which the em- 
bayment exhibits. 

Paige (1912, p. 450) ascribed at least a part of the production of. 
rock floors to lateral erosion by streams, which, issuing from their rock- 
bound valleys in the mountains, shift from one course to another. He 
implies that the issuing torrents continue to act as one-channel stream- 
floods instead of spreading as sheetfloods, and adds: “Sheetflood erosion 
is considered a result of the rock-cut plains and not a cause of the 
plains.” Bryan (1922, p. 57) referring to, and in part adopting, Paige’s 
view, states: “The pediment is greatly increased in size by lateral mi- 
gration of the streams at and below the mouths of canyons.” How- 
ever, in describing the extensions of the pediment into the mountains 
by the development of headwater basins, Bryan (1922, p. 48, 57) says: 


“Although the erosive power of mountain streams is great when they are in flood, 

oods are so infrequent in the Papago country that widening of the valleys takes 
place slowly. The steep grades necessary to transport debris prevent the formation 
of meanders, and lateral cutting is at a minimum. The lower section of a mountain 
canyon, once the stream is brought to grade, is in consequence relatively stable 
in cross section, and the side walls recede by the slow processes of slope recession. 
. . . When the [intervening] spurs become narrow they are cut through by slope re- 
cession on both sides, and hills are left standing as outliers on the pediment. These 
solitary hills are worn away with extreme slowness. Their erosion depends entirely 
on the gradual disaggregation of the rock which composes them and on the move- 
ment of the debris over the pediment during rains. The hills retain the same steep 
slopes as the original mountain but grow gradually smaller until the last remnants 
are masses of boulders or single rocks projecting above the general level.” 


Bryan does not describe any peculiar features by which such lateral 
migration as he infers takes place might be demonstrated. Lateral stream 
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erosion would seem probable enough in narrow and long, mountain-pene- 
trating valleys, but for the mountain embayments on which narrow 
valleys open, lateral erosion is questionable. 

Blackwelder (1931b, p. 187) stresses lateral erosion even more. He 
describes a rock floor or pediment as “a gently inclined plain cut by 
stream erosion indifferently across rocks of varying lithology and struc- 
ture,” whether it is developed on consolidated rocks or on unconsolidated 
detrital deposits. He at the same time implies that the ordinary process 
of “stream erosion” is operative in the production of such inclined plains 
even in the desert. He adds that “the temporary streams of the pediment 
are rambling and braided (anastomosing) rather than radially divari- 
cate”; thus suggesting that the desert streams are more like sheetfloods 
than streamfloods. But he (Blackwelder, 1931b, p. 187-138, 140) goes 
on to say: 

“Pediments are graded plains due, in the writer’s opinion, to the active sidewise 
cutting of desert torrents. . . . Geologically the rate of lateral cutting is rapid— 
apparently more so than most other processes of the desert. . . . The pediment is a 


feature due entirely to lateral erosion and its importance increases as the cycle of 
erosion advances.” 


Johnson’s two articles (1932a, 1932b) are concerned particularly with 
the origin of rock fans. In them, conclusions similar to those of Black- 
welder are reached. Three zones in arid mountains are recognized; a cen- 
tral or inner zone of dissection and degradation, which includes the non- 
graded summits, ridges, and spurs; an outer zone of deposition, in which 
the playas of interior basin floors and the Jower parts of the tributary 
bahadas are found; and an intermediate “zone of lateral corrasion, sur- 
rounding the mountain base, in which lateral cutting by streams ‘attaizis 
its maximum relative importance. This is the zone of pediment forma- 
tion” (Johnson, 1932a, p. 389). 


Method of reasoning.—In attempting to settle this theoretical question, 
little can be accomplished by direct observation of the agencies con- 
cerned, because they work so slowly and intermittently in the desert that 
their action can seldom be seen. Like the traveler who stood on a river 
bank in a rainy country, waiting for the river to run dry, an observer 
might spend years and years in the desert waiting for a sheetflood or a 
streamflood to appear. Recourse must therefore be had to a mental 
analysis of the problem. In such an analysis, one must, after carefully 
formulating the two rival theories of bay production and after validating 
as far as possible their postulates, proceed to deduce all possible conse 
quences of each theory. One should next select those consequences which 
are common to both theories and set them. aside, because common conse- 
quences provide no means of distinguishing the successful theory from 
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the unsuccessful. One may also set aside those consequences which 
should, if the theory from which they are deduced is correct, ordinarily 
or always be invisible, because such consequences are of little value in 
making choice between the competing theories. One may then concen- 
trate attention upon the remaining consequences which, each being pe- 
culiar to its theory as well as being visible, contrast with visible conse- 
quences peculiar to the other theory; for it is wholly by the success with 
which these peculiar consequences meet the facts that the value of either 
theory may be tested. 

In order that the deduction of consequences from competing theories 
should be made impartially, it is logically desirable that one should, as 
it were, turn his back upon the facts and, while making deductions, con- 
sider only the theories which have been proposed to explain the facts. 
Otherwise, the deductions may be more or less warped, unconsciously, to 
imitate the facts. Similarly, the outdoor observation of facts should 
logically be held apart from the deduction of imagined consequences, in 
order that the record of the facts shall not be unconsciously warped to 
meet the consequences. But as a matter of actual experience, no such 
strictly cut-and-dried procedure has been possible in working out the 
problem here under discussion. The various mental processes—observa- 
tion, generalization, invention, deduction, confrontation of the deductions 
with the facts, and the rest—have alternated irregularly, and each one 
has advantageously stimulated the others. Indeed, whatever danger there 
may be of warping facts or consequences by carrying on the several 
mental processes together is more than balanced by the great advantage 
that comes from what may be called “directed”, in contrast to wandering, 
observation; that is, from observation which is guided to significant local- 
ities in order to determine the occurrence or non-occurrence of certain 
specified facts. It has, however, been sought to avoid the danger of 
warped observation and deduction by a conscious recognition of such 
danger and by an equally conscious effort to steer clear of it. But 
although the various mental processes have been carried on in irregular 
alternation, it is possible to set forth their results separately and in sys- 
tematic order, as is now to be done. 


Consequences common to both theories——Whether a dominant stream- 
flood, after issuing from its mountain canyon at the head of an embay- 
ment, maintains itself in a narrow channel or broadens into a sheetflood, 
the graded detrital surface of the embayment down which it runs must 
have down-slope lines of essentially uniform declivity radiating from the 
apical angle of the embayment. The bay surface must therefore be 
slightly convex in cross profile, must be fan-shaped. An observer, stand- 
ing on one side, should not see the other side. Moreover, provided the 


Figure 4. Aplite mount on southern slope of Cima Dome. 
Photographs by Samuel Storrow. 
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Figure 1. Bay fan at south base of Silver Mountain. | — 
Figures 2 and 3. Knobs at spur ends of Skeleton Mountain. | zi 
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Figure 3. End of northeast spur of Skeleton Mountain. 
Photographs by Samuel Storrow. 


GENTLY CONCAVE BASAL SLOPES OF NON-GRANITIC MOUNTAINS 


ig 
4 Figure 1. Fan bay on northwest side of North Ord Mountains. 
Figure 2. Rock knob at north base of North Ord Mountains. 
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drainage flows to an aggrading playa, which is here assumed to be the 
case, the embayment must, as already told, suffer slow aggradation while 
it is retrogressively gaining area. Its surface must therefore, as Paige 
(1912) first pointed out and as Lawson (1915) later explained more fully, 
be built up with detritus, as illustrated in the several blocks of Figure 8, 
except close to their margins. The cover should be thickest at the mid- 
front of a bay and thinnest at its sides and head. 

As a bay expands, and as adjacent bays become confluent and thus 
reduce the surviving part of the highland to less and less area, the upward 
extension of the cover will thin to a feather edge, as already stated. Then 
the still further extension of the rock floor, which becomes convex beyond 
the ede= of the cover, will be made of weathered rock in place. This 
convex central area thus contrasts in form and in constitution with the 
gently concave and detritus-covered peripheral slope. Under certain con- 
ditions, as specified in Parts II and IV, the detrital cover may be stripped 
from the peripheral slope at any stage of its development, and the rock 
floor will then be laid bare; otherwise, it is invisible. Hence, as long as 
the cover is present, the visible surface of an embayment should not be 
called a rock fan. 

If appeal be now made to the observable forms of the Mohave Desert 
in order to test the correctness of the foregoing deductions, especially of 
the one first stated, it will be repeatedly found that the mountain face 
embayments which head in deeply eroded mountain valleys and drain to 
aggrading playas are fan-shaped and detritus-covered, as in Plate 8, fig- 
ure 1. These features therefore give equal support to both theories of 
bay production here under discussion; but as they are common to both 
they decide in favor of neither. Hence the peculiar and unlike conse- 
quences of the two theories must next be examined, in the hope that they 
will have a more critical value. They will first be deduced from both 
theories for embayments which enter moderately into a mountain mass; 
and whichever theory is favored when these consequences are confronted 
with the facts will then be further tested by applying it to the explana- 
tion of mountains in which the embayments have been developed so far 
as largely to consume an originally uplifted highland and reduce it to a 
dome or an arch. 


Peculiar consequences of lateral erosion —The right part of Figure 9 
shows with diagrammatic exaggeration the larger features expectable in 


5Let it be noted that where an arid area drains to an ocean, its piedmont rock floors, whether 
in bays or along a non-embayed mountain front, need not be buried under an aggrading cover 
after the water courses have established a graded flow to the shoreline, except during the spon- 
taneous aggradation of the water courses in their maturity, in a manner that I have elsewhere dis- 
cussed (1930, p. 139). It seems probable that some of the rock floors described by McGee (1897) 
in southwestern Arizona, the cover on which was found to be very scanty, may be of this kind, as 
will be shown in Part IV. 


if 
I 
ma 
tm 
4 
it 
ig 


1370 W. M. DAVIS—SHEETFLOODS AND STREAMFLOODS 


a desert mountain embayment, the widening of which has been effected 
by the lateral erosion of the shifting or swinging, bay-head stream. Some 
of the same features are shown, together with others of smaller size, on 
a larger scale in the left foreground of Figure 10. The first of these 


Ficure 9—Contrasted large-scale features of embayments produced by back-wearing 
and by lateral streamflood erosion 


peculiar features to be noted should be a slightly sinuous stream channel 
or “wash” following rather closely along one or another of the fan radii; 
traces of similar channels, now abandoned and more or less obliterated, 
should be seen along other radii. These washes should be far prolonged 
compared to the shorter washes seen among the enmeshed channels of a 
sheetflood, because if the rainfall of a cloudburst is discharged along a 
harrow channel it will run farther before it is absorbed than if it is out- 
spread in a broad sheetflood. The borders of the channels should be more 
or less built up with boulders, heaped there when a rushing flood over- 
flows its banks. 

‘ A second peculiar feature should be the basal trimming and steepening 
of bay-side mountain faces where the swinging stream has undercut them, 
as shown with exaggerated strength in the right half of Figure 9; a similar 
steepening should be seen in the outstanding mounts and knobs which 
have been isolated from the spur ends. The steepening should follow 
incurved baselines, of a pattern similar to that of the eroding stream’s 
sinuosity; and more talus should be seen along the earlier trimmed base- 
lines than along those trimmed later. 

Let it be noted here that, in view of the uniform gradient of all the 
fan radii, it is as easy for a stream, in spite of the transverse convexity 
of the fan surface, to swing from one margin across the axis to the other 
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margin as to swing from the axis to either margin. Let it be noted also 
that a certain measure of sinuosity, but not enough to be called meander- 
ing, may be developed by a fan stream; for, although no such sinuosity 
could be developed on a geometrically smooth fan, it may be developed 


Ficure 10—Contrasted small-scale features produced by back-wearing and by lateral 
streamflood erosion 


on a geographically channeled fan; and the flatter the fan the stronger 
may be the sinuosity. 

Distinction should be made, however, between two unlike cases of 
lateral erosion. One is that of a stream in an incised meandering valley, 
in which the amphitheaters and the up-valley sides of the spurs are per- 
sistently and continuously scoured and worn back; the other is that of a 
stream on a fan, such as is here considered, which shifts its course unsys- 
tematically and which therefore locally scours and wears back discon- 
tinuous parts of the mountain side, now here on one side of the fan, now 
there on the other. In the first case the persistently undercut valley sides 
may assume and maintain a uniform slope, the declivity of which will de- 
pend on the nature of the rock and the vigor of the stream; and there the 
scoring of the base will be uniformly fresh all along the curve of scouring. 
In the second case the talus-based slope, assumed by a locally steepened 
bay while the stream is withdrawn from it, will be cleaned up and steep- 
ened again when the stream returns to it; hence the marks of lateral 
erosion should vary from fresh to stale along a bay side. 

A third consequence of lateral erosion is that no unconsumed residual 
rock knobs or nubbins should rise from the fan surface in front of the 
steepened bases of the enclosing slopes. A fourth is that the apical angle 
should be large in a slightly receded bay that has been opened in a moun- 
tain front by the vigorous lateral erosion of a large and actively swinging 
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stream; it should be smaller in a bay opened by the weaker lateral ero- 
sion of a little stream. A fifth consequence is that an abrupt, rock-faced 
fall-off or scarp of small height (S, S, Fig. 10) should ordinarily be seen 
where the floor of an embayment, opened by a smaller stream of steeper 
gradient, has been undercut at a somewhat lower level by a larger stream 
of weaker gradient on the floor of an adjoining embayment, provided 
that the streams flow a significant distance before they join each other 
outside the mountain area; for it is inevitable that adjacent embayments 
should, as a rule, have unequal drainage areas and that their streams 
should therefore be of different volumes and should, when graded, have 


unlike gradients. 


Peculiar consequences of back-wearing.—The left part of Figure 9 and 
the right background of Figure 10 show the forms expectable if a moun- 
tain stream, on issuing from its narrow canyon upon a widening and 
detritus-covered embayment, is promptly converted into a broad sheet- 
flood which exerts practically no lateral erosion and therefore leaves the 
mountain sides free to retreat under the action of back-wearing alone. 
These features are: First, the presence of innumerable enmeshed flow 
lines; and in association therewith, smaller or larger, fresher or staler, 
delta-like floodsheets of detritus, irregularly overlapping each other. (The 
presence of “wash” channels is by no means excluded here, particularly 
near the bay head; but they are not essential and they should not be of 
great length.) Second, the absence of steepening in basal slopes along 
the bay sides and around the isolated and outstanding spur ends, all of 
which should have more or less frayed-out margins. Third, as in the 
right background of Figure 10, the possible occurrence of rock knobs and 
nubbins, rising from the fan floor in front of the bay-side mountain 
faces, or in irregular association with isolated spur ends. Fourth, the 
sharpness of the apical angle at the head of a bay which receives a large 
stream from its mountain canyon, because in such a bay the corrasional 
recession of the bay head will be much faster than the back-wearing of 
the bay-side mountain faces; conversely, the openness of the angle in a 
bay which receives a small stream. Fifth, a prevailingly close accord- 
ance of level between the floors of adjoining embayments where their 
separating spurs are worn away, provided they drain to the same playa. 


Accordant levels of adjoining sheetflood embayments.—Explanation 
must be given for the last statement concerning the floors of adjoining 
embayments. It is as follows: In the first place, sheetfloods should, when 
they spread broadly over the surface of a graded bay, reduce themselves 
more nearly to a standard depth than would streamfloods flowing in con- 
stricted channels; hence, in the long run, such bays should have detrital 
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covers of about the same gradient at the same distance from their playa 
goal; but this does not apply to the little lateral embayments on the 
sides of larger embayments. In the second place, the fan-like form of 
embayment covers requires that the drainage from two points (E and LF’, 
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Figure 11.—Accordant levels of embayments draining to the same playa 


Fig. 11), on opposite sides of a narrowing spur, should follow similar 
paths (EA and E’A, Fig. 11), to their trough-floor “wash”, and the drain- 
age lines from the two points to the playa must therefore be of essentially 
the same length and of closely equal gradients. The two points must 
therefore stand at substantially the same elevation above the playa 
(O, Fig. 11) and when the spur is worn through, the adjacent bay floors 
will necessarily coalesce at the same level instead of being separated by 
a low, rock-faced scarp. 

This explanation does not necessarily hold good where adjacent bays 
drain to different playas, for there two fan-margin points, on opposite 
sides of the separating spur, will probably stand at different altitudes. 
In such cases, the two sides of a completed dome of degradation will be 
separated by a scarp. Three examples which illustrate different stages 
in the development of such scarps are instanced in my other essay; the 
scarp height in the Storrow dome being from 300 to 600 feet. It is con- 
ceivable that a tripartite dome (Fig. 12) might be produced if its drain- 
age had three different goals, but no examples of that kind have been 
found. In the peculiar case of the easternmost member of the Bullion 
Mountains, south of the large Bristol Playa, its northern slope drains 
directly to the playa, and its southern slope drains to the same playa by 
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a much longer, roundabout course; the northern slope therefore undercuts 
the southern slope by perhaps 800 feet. 


Streamflood and sheetflood gradients—The gradient to which a 
streamflood, narrowly restricted in its canyon, will be worn down when 
it is graded should be significantly less steep than that adopted by the 
same volume of water when it broadens in a much shallower sheetflood 


Ficure 12—Discordant surfaces of a dome draining to different playas 


on a graded fan-bay. Hence, if it happens that a stretch of a canyon 
up-stream from a bay head becomes graded in advance of bay-widen- 
ing, the graded stretch should have a lower gradient than that of the 
fan-bay. I have had no opportunity of testing this inference. 


Observed features of bays in non-granitic mountains—The con- 
frontation of the two sets of peculiar consequences, deduced from the 


Ficure 13—Northern base of North Ord Mountain 
Looking east. (Inset) Profiles of a smaller and a larger non-granitic mountain east of Victorville. 


competing theories of embayment production as set forth, with the ob- 
served features of non-granitic mountains may now be undertaken. 
It is seen at once that the concave basal slopes of such mountains flatly 
contradict a leading requirement of the theory which explains embay- 
ments by the lateral erosion of swinging streamfloods. The slopes of 
thesé mountains, between their outcropping ledges, are fairly well 
graded by rain wash and soil-creep; and after attaining their maxi- 
mum declivity near mid-height of the mountain, the slopes do not 
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become steeper, but less steep, as they descend to the mountain base. 
This is strikingly shown in the Ord Mountains (not to be confused 
with Ord Mountain, south of Victorville) about 25 miles southeast of 
Barstow; the basal slope of one of them is sketched in Figure 13. 
When cloudbursts fall upon such a mountain they must form tor- 
rents where they are drained into the mountain valleys, and these tor- 


Ficure 14——Tapering spur-ends of a non-granitic mountain 
East of Stoddard Well, looking west. 


rents must, on issuing from the valley mouths upon the piedmont 
slopes, spread out in sheetfloods. But when the cloudbursts fall on the 
outer mountain face they must at once form imperfect sheetfloods 
where the face is graded; and such floods must gradually become true 
sheetfloods as they hurry down to the piedmont slope. It is to be pre- 
sumed that, the steeper the graded slopes, the coarser will be their 


Ficure 15—Embayment in a non-granitic mountain 
North of Stoddard Well, looking north. 


detritus; but I have not climbed the slopes to verify this inference. 
The concave basal profiles of these mountains must be largely devel- 
oped under the action of such down-slope floods, aided by creep, and 
not at all by laterally eroding base-line floods. 

The concave basal profile is sometimes so short that it is not seen in 
a distant view; but when the bay-sides of these mountains are closely 
examined, the concavity is always, as far as my experience goes, dis- 
covered. Moreover, the detritus-covered surface of the bays shows no 
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continuous and dominating streamflood channel, but only the intri- 
cately enmeshed, minute channels of sheetfloods. The work of lateral 
erosion is therefore absolutely excluded here. The retreat of the bay- 


_ 


Fiaure 16—Map of the Ord Mountains 
Reduced from map by the Metropolitan Water District of Southern California. 


side mountain faces must be wholly the work of weathering, supple- 
mented, as already noted, by flood-wash and creep. 

A few others of the many non-granitic mountains which support this 
conclusion may be cited. One of the best examples is a well-embayed 
mountain of subdued form, 12 miles south of Barstow on the road from 
Stoddard Well toward the Ord Mountains. A distant view of its slender 
spurs is given in Figure 14; the nearer one of the spurs was closely ex- 
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amined and not a trace of stream erosion was seen along its sides or at its 
delicately tapering end. An embayment of another mountain in this dis- 
trict, north of Stoddard Well, is shown in Figure 15. Like all of its many 
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Ficure 17—Map of Skeleton Mountain 
Reduced from map by the Metropolitan Water District of Southern California. 


neighbors it has a smooth, detritus-covered surface without streamflood 
channels; and the side slopes of its subdued mountains show no sign of 
basal steepening. A bay (PI. 9, fig. 1) on the northwest side of the mas- 
sive North Ord Mountain (Fig. 16), tells the same story. A western 
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neighbor of the Ord Mountains is Skeleton Mountain (Fig. 17) ; isolated 
mounts and knobs near its spur ends are excellent witnesses (PI. 8, figs. 2, 
3; Pl. 9, figs. 2, 3) as their concave basal slopes clearly exclude the possi- 
bility of their having been fashioned at all by lateral stream erosion. 
Their forms have been produced, like those of the bay-side mountain 
slopes, only by weathering. Furthermore, where two fans join beyond 


Ficure 18.—Non-granitic mounds near Bicycle Playa 
South of the Granite Mountains, looking west. 


the end of their separating spur, no fall-off of one to the other is to be 
seen; they meet at accordant levels. 

Convincing support of these conclusions is furnished by two mounds 
of aplite or of some allied, fine-textured rock, which rise from the 
smoothly graded southern slope of the great Cima Dome, both of them 
being in full view from the Union Pacific Railroad between Los Angeles 
and Salt Lake City. One of the mounts as seen from the other is shown 
in Plate 8, figure 4. Similar mounds of fine-grained rock (Fig. 18) rise 
to heights of 100 or 200 feet, with smooth profiles of double curvature 
over the lower detrital slope of the Granite Mountains, 35 miles north- 
east of Barstow, on the Cave Spring road to Death Valley. They bear 
no marks whatever of trimming by lateral erosion of passing streams. 
In their latest stages, these residuals are reduced to less and less convex- 
ity as their detritus is weathered finer and finer. They eventually be- 
come, as Lawson (1915, p. 32) says, “mere patches of bedrock obscured 
by the residual unmoved products of disintegration, nearly but not quite 
flush with the general slope.” The desert offers various examples of 
these vanishing mounds; the most delicate one that I have seen lies not 
far east of Stoddard Well, on the road to the Ord Mountains; its margin 
is not even cut back by sheetfloods, much less by streamfloods. 

The graded surface of fan bays and of the long detrital slopes on which 
they open occasionally show examples of the broadly overlapping, delta- 
like floodsheets of detritus already mentioned, which, when seen from 
a distance of half a mile or more, are distinguished from the adjacent 
earlier deposits by a slight difference of color, presumably, as a rule, due 
to a difference in the density of vegetation. The best example of this 
kind that I have seen is in a western bay of Tiefort Mountain (Fig. 19), 
a mile or more east of the Cave Spring road and 35 miles northeast of 
Barstow. The floodsheet there would seem to have been Iaid down by a 
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wide-spreading sheetflood, for it has nothing of the pattern expectable 
from streamfloods. It does not seem to have affected the gradient of the 
bay significantly. 

In view of the facts thus brought forward, it may be safely concluded 


Ficure 19—Embayments in the western face of Tiefort Mountain 


that the bays of non-granitic mountains in the Mohave Desert have been 
opened by the back-wearing of their enclosing mountain faces, in associa- 
tion with the up-valley recession of the bay head by streamflood corra- 
sion. The angle at the bay head should therefore express the ratio be- 
tween these two processes; or, more definitely, the retreat of the bay sides 
should be to the up-valley migration of the bay head as the natural sine 
of half the apical angle is to unity. It may be further concluded from 
the presented evidence that the sheetfloods which sweep down the slope 
of a bay have passively accepted the area opened to them as the bay 
expands; their work in the bays has been essentially transportational. 
This opinion will be re-enforced in the following pages. 


Observed features of bays in granitic mountains—When the fronts 
and the embayments of granitic mountains are first seen, the abrupt 
change from their boulder-clad faces to their smoothly graded piedmont 
slopes (PI. 10, figs. 1,2) might be mistaken for the work of lateral stream- 
flood erosion; but a close examination of their bases will not support this 
view. It would, indeed, be remarkable if streamfloods could vigorously 
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undercut the bold faces of granitic mountains and yet be ineffective in the 
much easier task of trimming back the gentle basal slopes of loose detritus 
and weathered rock below non-granitic mountains. The evidence against 
streamflood action may be detailed as follows: 

In the first place, all indications of persistent stream action in the form 


Ficure 20—Bay-head channels in fans 


Mountains on the east side of southern extension of Death Valley trough, looking north. Drawn 
from a photograph by Storrow. 


of channels or “washes” are as prevailingly absent here as on the pied- 
mont slopes of non-granitic mountains, although such channels are occa- 
sionally seen at bay heads, where the issuing floods seem not to have had 
time to spread into sheetfloods. The best examples of such channels that 
I have found (Fig. 20) occur in several neighboring bays in a mountain 
group on the east side of the southern extension of the Death Valley 
trough, as if a recent and unusually heavy cloudburst had locally caused 
streamfloods of so impetuous behavior that they could not at once spread 
over the widening floor of the bay; but they seem to have done so as soon 
as they were able to. In any case, the bay sides are not steepened at 
their base; and no channels are seen in the much larger fans of the high 
Avawatz Mountain, on the opposite side of the intermont trough. 

In the second place, in no granitic mountain faces which rise over 
bay margins, in no bay-dividing spur ends, and in no isolated mounts 
or knobs beyond the spur ends are marks of lateral stream erosion to 
be seen along their bases, however abruptly they turn into the graded 
piedmont slopes. The base lines are nowhere trimmed and steepened 
as if recently undercut by swinging streams; they nowhere show marks 
of earlier trimming, now more or less obscured by talus. Instead, they 
are found, when closely examined, to be of rather irregular, untidy pat- 
tern, with many small salients and entrants, such as back-weathering 
must produce and lateral stream erosion cannot produce. 

In the third place, bay sides are sometimes fronted by outstanding 
residual knobs, nubbins, and decaying boulder heaps, the presence of 
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which is altogether inconsistent with the accelerated retreat of the 
mountain face behind them by lateral stream erosion. Moreover, the 
rocky bases of these isolated forms are very generally bordered by 
narrow and gently sloping fringes of decomposed rock, not wholly 
hidden under the detrital cover. For example, Figure 21 illustrates a 
typical group of fantastic boulders rising from a low mound of dis- 


Ficure 21—Group of granitic boulders in the Rand Mountains 


integrated rock which slightly surmounts the long and broad detrital 
slope of the Rand Mountains, 40 miles northwest of Barstow. Many 
other examples of such isolated features are known. An excellent one 
is a bouldery mount which rises, as drawn in Figure 22, from the pied- 
mont slope next south of the retreating east-west face of Silver Moun- 
tain near Victorville, about 32 miles southwest of Barstow. Details 
of its form are shown in Plate 11, figures 1 and 2. Its lateral slopes 
give no indication whatever of having been trimmed by shifting stream- 


Ficure 22.—Silver Mountain and the bouldery mount of its piedmont slope 
Near Victorville, looking north. 


floods, although the adjoining piedmont slope is slightly incised by two 
near-by stream courses, the meaning of which has been explained in 
the fuller account of Silver Mountain in Part IT. 

Another striking feature that is of repeated occurrence in granitic 
mountains and is particularly well shown back of the bouldery mount 
already described, is the sharply defined base of the boulder-clad 
mountain front (Pl. 11, fig. 3), where no stream issuing from any of 
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the neighboring canyons could possibly have swung against it, and 
where its retreat must therefore be ascribed to back-wearing alone. 
There should, however, be nothing surprising in this, for it is closely 
comparable to the back-wearing retreat, unaided by stream erosion 
along their bases, of the great escarpments which rise, as was long ago 
explained by Powell, between the Grand Canyon of the Colorado in 
northern Arizona and the High Plateaus of Utah. True, the retreat 
of these escarpments is conditioned by their being capped with hard 
strata over weaker strata, and the retreat of the Silver Mountain front 
is conditioned by the manner in which its granite weathers; but both 
retreats are accomplished by unaided back-wearing. 

Considerable space has already been given to an account of Silver 
Mountain, because it illustrates so many characteristic features in the 
degradation of desert granitic mountains. Lawson’s fundamental as- 
sumption of a fault scarp, from which a rock floor is to be developed 
by back-wearing, here appears to be well justified. The retreat of the 
scarp has been accomplished by back-wearing without the aid of basal 
stream erosion, as is shown by the short concave curve of its basal 
profile (Pl. 10, fig. 3) and by its persistent steepness where no stream 
could attack it (Pl. 11, fig. 3). The rock floor originally had a sur- 
face of decomposed rock (Pl. 3, figs. 1, 2). Its profile, at least near 
the outlier, seems to have been convex, with increasing declivity for- 
ward in hyperbolic fashion. The detrital cover, which grew with the 
growth of the rock floor, has an almost rectilinear slope, as if the playa 
to which it drained were rather far away. The stripping of the cover 
and the ravining of the rock floor is manifestly the result of the en- 
trenchment of the present Mohave River, and, as manifestly, the dis- 
section has involved the transformation of former sheetfloods into 
present streamfloods. No other limited area known to me presents so 
many features so clearly. 

A good number of isolated residual forms which survive on the ex- 
tensive piedmont slopes around the Sacaton Mountains, not far south 
of Phoenix, Arizona, are instanced by Bryan (1922, p. 57) as the work 
of the weather, although he ascribes the widening of the embayments 
farther up the slopes “at and below the mouths of canyons” partly to 
lateral erosion by mountain-born streamfloods. When I visited this 
district several years ago, the details here under consideration were 
not in mind; but my memory of the residuals does not include anything 
like basal trimming and steepening. That the memory is substantially 
correct is proved by several photographs, two of which are reproduced 
in Plate 12, figures 2 and 3, recently and most obligingly taken for me 
by Professor J. W. Hoover, of the State Teachers College at Tempe, 
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Figures 1 and 2. General views of the abrupt change to the piedmont slope. East end of Bullion 
Mountains. 


Figure 3. Close view of short curve between base of granitic mountain face and its piedmont slope 
Southern base of Silver Mountain. 
Photographs by Samuel Storrow. 
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SILVER MOUNTAIN 


Figure 3. Boulder-clad face of the mountain. 
Photographs by Samuel Storrow. 
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Arizona. He reports that, although the steep slopes of the central 
mountains and of the outstanding residuals meet the piedmont slope 
in what seems to be a sharp angle when seen from a distance, they 
really came together in a concave curve a few yards in length, and 
therefore repeat the forms of the Mohave Desert. 


Ficure 23—Different profiles of granitic mountain bases 


Finally, adjacent bays repeatedly come together, beyond the end of 
their separating spurs at accordant levels. «Hence, it is again concluded 
that embayments in granitic mountains ‘are, like those in non-granitit 
mountains, not the work of back-wearing accelerated by basal stream 
erosion, but are, except for the up-slope migration of the bay head by 
stream action, the work of unassisted back-wearing, in which the weather, 
together with rain and rill wash, attacks the whole height of the bay- 
enclosing mountain faces. Such back-wearing will not permit the sur- 
vival of a low bench (B, Fig. 23) in massive granitic rocks; it cann t 
cause the excavation of a hollow (C, Fig..23) below the level of the bay 
floor; but it will complete its destructive work down to the level of the 
floor (E, Fig. 23), as determined by the gradient of the local sheetfloods. 
If the mountain is made of non-granitic rocks which weather to detritus 
of all sizes, its face will blend into the graded piedmont slope below it by 
a concave basal curve, as at A (Fig. 23). As Paige (1912, p. 449) puts it; 
“The rising edge of the gravel acts as an. eis control below which 
erosion cannot take place.” 

Thus understood, the rock floor oi an anhapiotni as well as that of : ‘ 
non-indented mountain front, is prepared. for, the flow of sheetfloods with; 
out aid from them, much less from streamfloods. The sheetfloods agr 
grade the floor and bury it under their detritus as fast as it grows; but 
they do not extend the area over which they:sweep, because at their thin 
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margins they are very feeble; they passively accept the area offered to 
them by the mountain-face retreat. But be it remembered, this general- 
ization regarding the burial of a rock floor as fast as it is produced ap- 
plies only to desert mountains which drain to aggrading playas. Under 
other conditions, rock floors may remain bare, as will be shown in Part IV. 

The absence of evidence of lateral erosion in the older forms of desert 
mountains will be pointed out in the following pages. 


Refutation of arguments for lateral erosion—It is evident that these 
conclusions differ strongly from those of Blackwelder (1931b). On ac- 
count of the brevity of his article, Blackwelder did not have space for 
the presentation of alternative explanations and the deduction of con- 
trasted consequences therefrom, as a means of confirming the adopted 
conclusions. 

Johnson’s conclusions, agreeing with Blackwelder’s, thus also differ 
materially from my own. As they are supported by careful argumenta- 
tion, they call for detailed comment. Johnson’s implication that the inter- 
mediate “zone of lateral corrasion” shows much bare rock contravenes the 
Paige-Lawson principle that rock floors draining to playas are covered 
with detritus as fast as they are developed, a principle which seems to 
me clearly reasoned in the articles by those observers, and well supported 
by an abundance of examples in New Mexico, Arizona, and southeastern 
California. This principle is, moreover, strikingly confirmed by the oc- 
currence of bare rock floors only where the fundamental postulate—drain- 
age to aggrading playas—of the Paige-Lawson explanation is departed 
from, as will be shown later with abstracts of studies by McGee and by 
Berkey and Morris. 

Moreover, the facts on which Johnson bases his argument may, it seems 
to me, be otherwise interpreted; for the intermediate zone of his two 
Arizona examples is not a smooth rock fan, such as a laterally swinging 
stream might produce, but a dissected rock surface; and during its dis- 
section by streamfloods it would naturally have been stripped of the 
detrital cover that was laid upon it by sheetfloods during its back-wear- 
ing growth. Unfortunately, scanty consideration is given to this alterna- 
tive view. Instead, the retreat of a mountain face in the production of 
the bare-rock zone is explained chiefly by the “sapping action of laterally 
corrading streams frequently deflected against the mountain base” (John- 
son, 1932a, p. 390), the embayments thus opened being occupied by true 
rock fans. His chief proof of this conclusion is that, having first deduced 
the necessary occurrence of rock fans as a consequence of the accelerated 
retreat of a mountain face “mainly through trimming of its frontal spurs 
as the shifting streams from time to time impinge against them” (John- 
son, 1932a, p. 391), and having then discovered such fans to exist when 
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he visited certain desert mountains, chiefly in Arizona, he felt that this 
discovery, “following the purely deductive conclusion that they (rock 
fans) ought to exist, ‘inevitably inspired an added measure of confidence 
in the theory that rock pediments . . . owe their development chiefly to 
the corrasive action of heavily laden, frequently shifting streams (John- 
son, 1932a, p. 411). 

My grounds for dissenting from this conclusion are that no adequate 
consideration is given to the alternative theory of unaided back-wearing; 
hence, it is not recognized that the opening of fan-shaped bays may be 
a consequence of back-wearing alone, in association with sheetflood con- 
trol of the bay gradient, as well as of accelerated back-wearing of the 
mountain face because of lateral stream erosion along its base. More- 
over, no instances of bays in non-granitic mountains are adduced, the 
concave basal profiles of which so strongly contradict the hypothesis of 
lateral erosion. Furthermore, in view of the fact that the rock floors 
which Johnson examined all appear to have drained to aggrading playas, 
it is difficult to believe his conclusion that “the existence of a zone several 
miles broad, in which bedrock is abundantly exposed at the surface and 
the alluvium is restricted to a thin and discontinuous veneer of recent 
stream deposits, is quite as normal a feature as the more deeply buried 
pediment” (Johnson, 1932b, p. 664). If his bare-rock zone were smooth, 
his case would be stronger; but as it is always more or less dissected by 
streamflood trenches, its explanation as an originally buried rock floor, 
now stripped and trenched as suggested, seems a permissible alternative, 
to say the least. Again, if his bare-rock floor were not piedmont to moun- 
tains of considerable size, but were part of a nearly finished dome or 
arch, over which the residual mountains were of small size, its lack of a 
detrital cover would be understandable; but the rock fans which John- 
son instances are by no means of this kind; they are all piedmont fea- 
tures, just as they are all trenched. Such trenching is, by the way, of 
common occurrence in Arizona, for, as Bryan (1922, p. 56) has stated, 
a well-advanced stage of degradation has there “been very generally in- 
terrupted by a new cycle of erosion.” ® 


6 The rock fans in southeastern Arizona, to which Johnson gives most attention and which he 
thinks “leave no doubt as to their origin’’ (Johnson, 1932, p. 399), are those of the Sierrita Moun- 
tains, not far southwest, and of the Dragoon Mountains, farther southeast of Tucson. During my 
residence in that city while lecturing through four spring terms at the University of Arizona (1927- 
1930) I made several visits to both these localities. Both have, I believe, been largely stripped 
of their former covers and are now in process of trenching by streamfloods, the latter being the 
more advanced in this respect. Their fans do not show detailed features of lateral erosion. The 
Dragoon fan in particular is an unconvincing witness for lateral erosion by a stream “fixed in posi- 
tion at the point of issuance from the canyon mouth,’’ because it heads in a pass—one of Sauer’s 
pediment gaps—from which no stream issues. Its radiating valleys are clearly the work of stream- 
floods, the transformed successors, as I believe, of aggrading sheetfloods at the time the rock floor 
was developed. There is not sufficient evidence that streams were then present. 

The bare rock, now abundantly visible in this beautiful fan, might perhaps be regarded as 
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Presumably the manifest indications of stream work in the radiating 
yalleys of these dissected fans led Johnson to give more attention to 
streamflood than to sheetflood action; and also to overlook the transfor- 
mation of non-eroding sheetfloods, under which rock floors are developed 
and buried, into eroding streamfloods by which the floors are stripped and 
dissected. Even when he briefly examines the alternative theory of bay 
production by unassisted back-wearing of the enclosing mountain faces, 
sheetfloods receive no adequate attention. It is briefly said in that con- 
nection that “the process of sheetflooding” does not seem to “offer a sat- 
isfactory explanation” of rock fans (Johnson, 1932a, p. 414); and that 
“it cannot be supposed that the rock surface left by the weathering back 
of a mountain front would just happen to be nicely adjusted to the trans- 
porting power of streams traversing that surface” (Johnson, 1932b, p. 
662). This seems to imply a misapprehension of the relation that exists 
between the back-wearing of a mountain face and the sheetflood control 
of the depth to which such wearing can act. As previously noted, it over- 
looks the simple principle announced by Paige that “the rising edge of 
the gravel sheet acts as an efficient control below which erosion [or back- 
wearing] can not take place.” This control is discussed in the text of 
my Figure 23. 

~The streamflood washes at the head of the large Cucamonga detrital 
fans south of the high San Gabriel Mountains of southern California are 
adduced by Johnson (1932b, p. 661) in support of his belief that similar 
streamfloods operate to produce the rock fans of the desert. I question, 
however, whether any of those washes may be fairly taken to prove the 
occurrence of similar washes on the non-dissected fan-bays of mountains 
in the interior desert, because the rainfall of the San Gabriel Mountains, 
particularly on the southern slopes, as indicated by the fairly abundant 
tree growth on the flanks, must be much greater than it is on the utterly 
barren desert ranges. For that reason, well-defined and long-stretched 
washes instead of broad sheetfloods prevail on the fans piedmont to the 
San Gabriel range, and such washes are practically absent from the fan 
bays of the Mohave Desert region. 


Lateral erosion by streamfloods—Lest it be thought that the steepen- 
ing of basal slopes by lateral erosion is not easily recognized, a few ex- 


never having been detritus-covered, because the fan now drains to the intermittent San Pedro 
River, which is a tributary of the Gila and thus belongs to the ocean-reaching Colorado system. 
But it seems clear, from a study of the San Pedro trough and of the valley rece&tly eroded in it 
by the San Pedro, that at the time when the fan was produced the San Pedro was not an 
outflowing stream. Its trough was then undergoing aggradation, for abundant layers of gypsum 
occur in its detrital deposits, as explained in my paper written jointly with Baylor Brooks on the 
Galiuro Mountains (1930), which rise from the trough on the east. As to certain other rock fans 
mentioned in Johnson’s essays of 1932, it is quite possible that some of them may show features 
distinctive of lateral erosion; but such features have not been specified. 
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amples of such steepening may be specified. A striking one is to be found 
on the southern side of the pass between Bullion and Sheephole moun- 
tains, 90 miles southeast of Barstow, the northern slope of the pass being 
drawn in Figure 4 and a general account of it being given in my other 
essay. The southward descent of sheetfloods from the pass crest is 


Ficure 24—Effect of lateral erosion by streamflood 


locally obstructed half way down by a low spur of the Bullion Moun- 
tains, which advances obliquely across the slope; and the sheetfloods are 
converted into streamfloods at the place where they are deflected along 
the spur base. They have there trimmed off little salients of the spur 
side, as in Figure 24. The streamflood channel thus determined is fairly 
broad and well defined, quite unlike the enmeshed flow lines of sheetfloods 
on the slope that descends to the channel. 

The Mohave River, in its flow northward from the San Bernardino 
Mountains, past Victorville to Barstow, gives repeated illustration of 
lateral streamflood erosion along the margins of its well-opened flood plain. 
It has there cut bluffs, 50 or 100 feet in height, in the great outwash plain 
of mountain detritus. Its undercutting of Chapooli Peak has already 
been mentioned. An example of lateral erosion by the powerful Colorado 
River above Needles, where the westward growth of one of its bends has 
vigorously undercut a formerly graded slope and thus caused its active 
dissection by local streamfloods, has been noted in Part II of this article, 
but lateral erosion of this vigorous kind is exceptional in the desert, be- 
cause large rivers like the Colorado are also exceptional there. It would 
be significant to discover a desert in which all or most of the mountain 
bays had undercut forms along their sides, thus proving their origin by 
lateral erosion. 


OLDER FORMS OF DESERT MOUNTAINS 

Domes and arches—Most of the desert mountains thus far instanced 
have been worn back only a moderate distance from their assumed fault 
scarp of upheaval. They therefore still have forms so bold that they 
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shed abundant detritus to their piedmont slopes. It is desired now to 
take up the postponed consideration of desert mountains which have 
reached a more advanced stage in the cycle of arid erosion. Bryan (1922, 
p. 48) gives a good account of the enlargement of embayments by the 
relatively more rapid erosion near their heads and by the back-weather- . 
ing of the sides. In time, embayments on opposite sides of a range will 


Ficure 25.—Old, non-granitic mountains, 12 miles south of Barstow 


meet and coalesce, leaving the residual masses on both sides separated 
by a completely graded arch. I have described these processes more at 
length in my previous essay (Davis, 1933). Eventually the residual 
masses are reduced to smaller and smaller remnants until they completely 
vanish. Here, as in earlier stages, the forms of granitic and non-granitic 
mountains are unlike. 

In the penultimate stage a non-granitic mountain is reduced, by reason 
of greater or less structural heterogeneity, to a cluster of small, smoothly 
graded mounts of gentle declivity, examples of which are given in Figure 
25 and Plate 13, figure 1. On no single mount can a stream of good size 
be developed, and on all the mounts the work of cloudburst sheetfloods 
seems dominant. Even in the little valleys by which the clustered mounts 
are subdivided, lateral stream erosion is seldom of such power as to pro- 
duce sharply steepened basal slopes. Moreover, the passage from the 
marginal mounts of the cluster to the piedmont detrital slopes is very 
gradual, with no marks of lateral erosion; and on those long slopes the 
work of sheetfloods clearly prevails. Streamflood courses are lacking. 

The penultimate form of granitic mountains is a convex dome or arch. 
The subdivision of the mass into smaller mounts is here prevented by the 
essential homogeneity which characterizes the Mohave granitic masses. 
The dome or arch should be of narrow convexity if the original mass from 
which it has been derived was of great height, for here the change of its 
sheetfloods at their heads, from aggrading to degrading agents, was long 
delayed; but it should be of broad convexity if the original mass was of 
moderate height, for there the change was earlier introduced. In the lat- 
ter case, marvelous regularity of broad convexity may be thus developed, 
as seems to be realized in the Cima Dome (PI. 1), 80 miles northeast of 
Barstow and 5700 feet in altitude; also in the great Cuddeback Arch 
(Pl. 18, fig. 2), 25 to 45 miles northwest of Barstow and 4000 feet or more 
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Figure 1. Knob A (Figure 26) at east end of Lucerne Basin. 
Photograph by Samuel Storrow. 


Piedmont slope of the Sacaton Mountains, Arizona. 
Photographs by J. W. Hoover. 
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Figure 3. Unfinished granitic dome, northeast border of Lucerne Basin. 


Photographs by Samuel Storrow. 


DOMES AND ARCHES 
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Fe Figure 1. Old, non-granitic mountain, 12 miles south of Barstow. 
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i Figure 2. Broadly convex crest of the Cuddeback Arch, 35 miles northwest of Barstow. 
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in altitude. Fuller account of both these superb examples is given in my 
other essay. A smaller dome (PI. 13, fig. 3), less smoothly finished than 
Cima, has been seen at a distance of several miles, on the northern side 
of the long Lucerne-Dale trough, north of the San Bernardino Mountains. 
In both the Cima Dome and the Cuddeback Arch, where sheetflood rob- 
bing has long been going on, the surface is believed to consist of disinte- 
grated rock in place, diseontinuously veneered with sheets of detritus in 
transit down the slopes to the aggraded flanks. In the Cima Dome the 
central convex area occupies the upper 700 feet of the mass, with a diam- 
eter of about 214 miles. Although the northern and southern slopes are 
drained to different playas, they are not separated by a scarp but join 
in a smoothly convex profile. The same is true of the great Cuddeback 
Arch, but not of the arched Manchester Divide in the southern angle of 
Nevada, where a low scarp separates the east and west slopes, as described 
in my other essay. 

On these large convex surfaces of degradation, low “edges” should be 
seen, if their form had been produced by the lateral erosion of shifting 
streamfloods; but, as a matter of fact, no such features were found upon 
them. Their surfaces are, as a whole, unmarked by strong washes; in- 
stead, they show everywhere the enmeshed flowlines of sheetfloods. Occa- 
sional residual knobs and boulders show no signs whatever of lateral 
erosion around their bases. In a word, the convex upper part of domes 
and arches appears to be fashioned exclusively by sheetfloods which are 
responsible for slowly degrading it; but they are no more effective here 
in extending the central area of their operations than they were at earlier 
stages in extending their peripheral area below less-consumed mountain 
masses. On all parts of the graded slopes, whether aggraded with detritus 
as on the peripheral flanks, or degraded on disintegrated rock in the higher 
central area, the gradient which the sheetfloods assume during their hasty 
but temporary flow controls the slope of the surface to which the mass is 
worn down. 

Fine examples of residual granitic knobs and boulder heaps on a 
broadly degraded surface in an advanced stage of the erosional cycle are 
found in the great Lucerne-Dale trough, 25 miles or more east of Victor- 
ville. One of the knobs (PI. 12, fig. 1) crowns the broadly convex top of a 
low swell, in which the rock floor must lie under a thin detrital cover and 
on which several boulder heaps (Fig. 26) are also seen. The residuals 
here are completely out of reach of any streamfloods; they are manifestly 
wasting away under the weather alone, but they have the same irregu- 
larity of marginal pattern and the same absence of marginal trimming 
that characterize the mounts, knobs, and boulder heaps which are asso- 
ciated with little-consumed granitic mountains, the lateral erosion of 
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which is thus again ruled out. The larger heap of boulders (B, Fig. 26) 
must have formerly been a knob, like the knob to its left; it will in the 
future be reduced to a smaller heap, like the heap on its right, merely 
by the continued action of the weather; and as these changes progress 
the peripheral area offered to sheetflood flow will be enlarged. 


Figure 26.—Granitic knob and boulder heaps 
On a low swell, east end of Lucerne basin (see Plate 12, figure 1). 


The continued degradation of domes and arches reduces them to forms 
of less and less convexity (Block 5, Fig. 6), just as the continued degra- 
dation of the penultimate forms of humid regions reduce them to lower 
relief. On completely graded desert domes no lateral divides are to be 
found; they are thoroughly erased, and the whole surface is subject to 
sheetfloods. Here, again, the disappearance of many young divides on 
the low swells of a humid peneplain is an analogous phenomenon. Re- 
markable examples of faintly convex granitic domes are found in the 
western part of the Mohave Desert, where large areas of an actual pene- 
plain are to be seen (Fig 27), which is still undergoing an uninterrupted 


(2 
Ficure 27.—Peneplain in the western part of the Mohave Desert, interrupted by 
volcanic necks(?) 
Ten-mile profile. 


continuation of the slow sheetflood degradation so long in operation there. 
Changes of climate during that degradation have not left recognizable 
marks. It thus appears that gradation by sheetfloods, which determined 
the slopes of bays in the earlier stages of desert mountain sculpture, con- 
tinues to determine the gradation of domes in the later stages. The 
absence of all signs of dominating streamfloods on the older forms is 
further evidence of their inefficiency in shaping the younger forms, for 
if such floods had prevailed on the younger forms they could hardly be- 
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absent from the older ones. In brief, therefore, bays and domes respec- 
tively represent earlicr and later stages of sheetflood gradation; but, in 
the earlier stages, sheetfloods act chiefly as transporting agencies with 
a faint tendency to aggradation, and in the later stages they still act 
chiefly as transporting agencies, but with a faint tendency to degrada- 
tion on the higher, convex slopes. 


Degradation of Desert Domes.—The most peculiar feature of the con- 
tinued degradation of desert domes which drain to aggrading playas is 
that, while their concave lower slopes are slowly built up, the higher sur- 
face is most rapidly degraded at the dome tops where they are flattest, 
and less rapidly a little distance away from the tops where the slope is 
steeper. In seeking to understand this apparent paradox, it must be 
borne in mind that sheetfloods, the main agents of degradation on dome 
tops, behave very differently from the rivers of humid regions. Besides 
their great breadth of sheet-like flow, they are short-lived in time and 
patchy in area; they take up, carry, and deposit their load, all within 
moderate distances compared to the radius of the dome slope from its 
summit to its playa, and the deposit laid down by an earlier flood may 
wait long before it is carried farther by a later one. Insofar as their 
cloudburst rainfall is provoked by the height of the dome over the sur- 
rounding lower land, their average volume should decrease from dome 
summit to playa; and near the summit, where the divergence of slope 
lines is pronounced, the depth of a flood should be decreased as it ad- 
vances. It is probable, however, that they are, in the long run, evenly 
distributed; and if the extended periods of inactivity are elided and the 
brief periods of activity are run together, the floods may be conceived 
as acting almost continuously; and they will be so treated in what here 
follows. 

A sheetflood forming on the top of a dome may apply all its small 
measure of energy to the removal of summit detritus, because no energy 
is there needed for the transportation of detritus received from a still 
higher source. The flood therefore at once picks up as much load as its 
small carrying power permits. On moving away from the summit and 
increasing in velocity with increase of slope, the flood will take up more 
and more detritus and will thus be kept continually loaded to capacity; 
but the gain of velocity will be lessened by thinning as the flow spreads 
over greater and greater breadth on the rapidly diverging slope lines; 
and the additional load taken up from any given area will be less than 
that taken up from a similar area nearer the summit, because so much 
load has already been taken up. As soon as insoaking causes diminu- 
tion of volume, deposition must begin; before long, all the lifted load is 
laid down again. When another flood begins where a previous flood 
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stopped, the load then taken up will consist larg.ly of detritus previously 
deposited. As the new flood advances, it will be accelerated as the slope 
increases, and more load will be lifted and carried; and so on, as far 
down the slope as the declivity continues; yet at each area where load 
is increased, the increase will not be so great as the load — up from 
a similar area at the flood source. 

On reaching the contour or belt of inflexion, where Lidatatibes accele- 
ration remains constant for a brief space, a condition of steady motion 
will obtain, because all the acceleration is there applied to overcoming 
resistance and no load can be added. To be sure, a flood beginning at 
that belt will lift up load and thereby degrade the surface; but the 
degradation thus accomplished will correspond rather closely to the ag- 
gradation caused by a similar earlier flood which stopped there. On 
passing this belt and coming to the concave slope, flood flow will be pro- 
gressively retarded because acceleration there falls below resistances. 
The flood must thenceforward not only cease to take up new load but 
must deposit some of that already taken up. Inasmuch as all these 
changes take place differentially, we may conclude that effective degrada- 
tion is greatest at the dome summit, gradually decreases from a maximum 
there to zero at the belt of inflexion, and that the maximum of deposition 
is on the playa. 

This explanation must be appropriately modified for desert domes that 
drain to degrading rivers or to a retreating ocean shoreline; also for 
domes that drain to playas that are suffering degradation by reason of 
wind exportation of their dust: such domes will undergo degradation all 
the way down their slopes; but their maximum degradation will still be 
at the summit. The explanation seems applicable in a general way and 
with certain modifications to dome-like hills in humid regions, where 
subdued forms are similarly lowered by rill sheets; but such rill sheets 
increase in volume and depth and their degradation continues, although 
with decreasing measure, all the way to the hill-base stream, assuming 
that the stream has passed the stage of spontaneous aggradation which 
may have characterized its maturity, just as must be the case with desert 
domes which drain to degrading streams.’ 


HILLY AREAS OF DOWN-WEARING DEGRADATION 


General description —A new problem is now to be taken up, which may 
be approached as follows: After Lawson’s theory of the epigene profiles 
of the desert (Lawson, 1915) had been extended during my field studies 
so as to account for broadly convex domes and arches by back-wearing, 
in the manner outlined on earlier pages here and more fully set forth in 


7 This subject has been differently analyzed by Lawson (1932) for humid regions. 
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my other essay, several examples of hilly granitic areas of low or small 
relief were found, which demanded some other explanation, because they 
do not have the shape either of the mountainous areas not yet degraded 


nor of the already degraded and detritus-covered piedmont slopes due to - 


back-wearing. Some of these hilly areas rise 1000 feet or more over the 
surrounding land, and present dome-like or arch-like profiles when seen 


a 
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Ficure 28.—Hilly district south of Randsburg 


from a distance; yet, in spite of their apparent smoothness, they prove, 
on close examination, to be diversified with a multitude of little hills, 
often ledge- or boulder-crowned, between branching valleys of small 
depth, as drawn in Figure 28, with low-grade slopes of disintegrated rock 
in place leading down from hilltop to valley line. 

The hills show no sign whatever of having been worn back from a 
bold fault scarp, such as has been postulated to explain the production 
of veneered rock floors by back-wearing; but they show every sign of 
having been slowly degraded under the leadership of their elaborately 
branching drainage system. They may therefore be regarded as the re- 
sults of down-wearing degradation, in contrast to graded slopes below 
bold-fronted granitic mountains, which show the work of back-wearing 
degradation. The name, down-wearing, for the process of their origin is 
all the better justified when one notes that, even in areas where the little 
hills have very small relief, the valleys are still narrow-floored, with 
trifling indication of widening by lateral erosion. 

These low hills appear to represent the intermediate and late stages of 
an erosion cycle dominated by streamfloods, or even the youthful stage 
succeeding a very slight uplift. In the less-advanced examples of this 
kind that I have seen, the local relief varies from 200 to 300 feet; in the 
more-advanced examples it is of much less measure, and in one highly 
instructive example, that of the Noble Dome, the faint residual swells, 
from 2 to 3 to 8 or 10 feet in height, which seem to represent vanishing 
hills in one part of the dome area, merge into an adjacent area of sheet- 
flood smoothness. It would thus seem that the more-hilly forms of back- 
wearing degradation may gradually become smoother and smoother as 
the hills are worn away, until they rival the perfection of smooth con- 
vexity seen in well-finished domes of back-wearing. 
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Conditions for down-wearing degradation.—Differences of climate be- 
tween localities where domes of back-wearing and of down-wearing are 
found cannot be reasonably appealed to in explanation of their unlike 
origin, because forms of both origins are found in the same climatic prov- 
ince. Nor is it likely that any peculiarity of past climate can account 
for either the smooth or the hilly domes; for if it could, all the domes of 
the Mohave Desert should be of one kind, inasmuch as all the desert has 
had one climatic history. Similarly, the coarse-grained granitic rocks of 
both kinds of domes appear, at least from outdoor inspection, to be 
closely alike, and therefore are not likely to determine differences in the 
processes of degradation. Again, the hilly domes cannot be derived 
from earlier domes of back-wearing through being roughened all over 
their surface by streamflood dissection, because in that case their valleys 
should have a systematically divergent or radial arrangement; whereas, 
as a matter of fact, the valleys of the hilly domes have irregularly di- 
vergent courses. 

It may therefore be suggested that hilly domes have been produced 
from an upheaved granitic mass in which no fault scarp was present, such 
as has been thus far postulated, following Lawson’s lead, or that they 
have perhaps been produced by stream erosion of the gently back-sloping 
area of a moderately uplifted fault block; for it must be now recalled that 
the bold-faced granitic mountains discussed in the first part of this paper 
were assumed to have begun their back-wearing on fault scarps, as shown 
in Figures 6 and 8, and that no special attention was there paid to the 
degradation of the highland back of the scarp, except to note that val- 
leys might be eroded in it; for the discussion of a highland, slanting 
gently away from a fault scarp and gradually declining to lower ground, 
was not then undertaken. It may be entered upon now. 

If an irregular drainage system were present on such a gently slanting 
highland, the question might arise: Why did not its larger streams cut 
down valleys, the walls of which would be steep enough to develop 
boulder-clad slopes which would, after the streams had reached grade, 
retreat by back-wearing and thus produce mountain-front embayments 
with graded rock floors such as those already described. 

The answer is, that a granitic highland would certainly be sharply 
trenched by steep-sided valleys if its streams had enough drainage area 
to be of large size and if it were uplifted rapidly enough to allow the 
streams to erode their valleys quickly. Hence, these conditions of large 
area and rapid uplift must be avoided as not suitable for the production 
of hilly domes. It will be assumed, instead, that such domes are de- 
rived from granitic highlands of no great extent, of comparatively small 
and slow uplift and of relatively low, pre-uplift relief; for on such high- 
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lands, where all the streams are small and their gradients are all weak, 
none can erode steep-sided valleys. The headwater valleys will be of 
especially slow development, and will be worn wide open while gaining 
their small depth.® 

The hilly Swmmit Range—An arch-like granitic mass of east-west 
trend, known as the Summit Range, rises 12 miles northeast of Rands- 


Ficure 29.—Hilly crest of Summit Range 
Northeast of Randsburg. 


burg, nearly 50 miles northwest of Barstow. It is reduced to sheetflood 
smoothness over much of its northern slope, which descends to the trough 
that in the glacial period led Owens River eastward from the base of the 
Sierra Nevada to the intermont basin of Searles Lake. That side of the 
mass might therefore have been originally defined by a fault scarp and 
owe its present form to back-wearing. Its fault-block origin is all the 
more likely because fault-block ranges abound a little farther north, 
although not with east-west trend, one of them being the louderbacked 
Argus Range of which I have recently given a brief account (Davis, 
1932). But the crest of the Summit Range and much of its southern 
slope is hilly, as shown in Figure 29 and Plate 14; and these parts of its 
area are therefore regarded as having been developed by down-wearing 
from the moderately inclined back slope of the block. The innumerable 
hills and valleys, here and there involving a relief of 200 feet or more, 
may be taken as typical of their kind; but, as they were seen only where 
the range is crossed by a south-north road, further exploration is needed 
to the east and west before the description of the range can be completed 
and its explanation, as here proposed, be verified. 

Noble Dome.—The most instructive example of a hilly dome that I 
have come upon is an unnamed “low summit”, thus briefly mentioned by 


8 The principle here involved requires the early production of shallow, wide-open and old-looking 


headwater valleys on an upheaved area of previously far-advanced degradation, even if steep-sided, 
canyon-like valleys are eroded by the middle and lower courses of streams in the same drainage 
system. Headwater valleys of this kind characterize the uplands north of Philadelphia, where my 
boyhood was spent, but their explanation as here given first came to my attention during an excursion 
on the Central Plateau of France in the winter of 1898-99. Unfortunately, no mention of the 
explanation was made in a brief account of that excursion published a little later (Davis, 1901); but 
it is explicitly set forth in my Berlin lectures (Davis, 1912, p. 259). 
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Thompson (1921, p. 193). It belongs with a group of broadly convex 
forms that are very roughly represented on the Avawatz sheet of the 
United States topographic map on a scale of 1:250,000; and it is crossed, 
27 miles northeast of Barstow and 15 miles before reaching the Granite 
Mountains, by the Cave Spring road to Death Valley. My first view of 
it was in 1926, in company with L. F. Noble, whose name I now associate 


[4 2 
2 
Ficure 30—Summit profile of the Noble Dome 
Looking east. 


with it; since then I have strolled over it three times in the spring of 1932. 
Part of its surface is of sheetflood smoothness. Much of the rest is ap- 
proaching such smoothness, but there the drainage lines between the fad- 
ing hills and swells show an irregularly subdividing branchwork, not an 
enmeshed network. None of the streams on the dome gain large size, 
partly because it is of small extent, partly because the divergence of its 
slopelines tends to prevent adjacent streams from uniting. Its convex 
upper part shows a smooth or gently rolling floor of disintegrated rock 
in place, diversified by residual knobs and boulder heaps, with discon- 
tinuous patches of veneering detritus in intermittent transit down the 
gentle slopes. The lower slope, being drained to an aggrading playa, is 
probably undergoing slow aggradation. 

The dome as a whole, although bearing a number of knobs and boulder 
heaps, is broadly arched (Fig. 30), with a diameter of 2 or 3 miles, and 
may therefore be regarded as in a more advanced stage of down-wearing 
than the hilly Summit Range. Its highest part is 3100 feet in altitude. 
On its northeastern side and along its southeastern flank rise large residual 
ridges of more-resistant rock, the surmounting presence of which testifies 
to the considerable measure of erosion that the dome itself has undergone. 
The other domes of the confluent group stand farther northwest, with 
broadly arched profiles, interrupted by many residuals; their highest 
summit is 3900 feet in altitude. 

The point needing most emphasis regarding the Noble Dome is that 
its present rock floor does not appear to have been developed by back- 
wearing, acting on the steep fronts of an originally larger mass in asso- 
ciation with the sheetflood removal of its detritus, but by far-advanced 
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down-wearing, acting all over an originally higher surface and producing 
innumerable small ridges, hills, and swells, separated by intricately 
branching valleys. No other process seems competent to bring forth the 
forms here seen. Today, most of the ridges and hills are gone; only 
low swells survive, 3 to 10 feet high and from 10 to 50 feet or more across. 
Some of them are crowned with knobs or boulders; some have only a low 


Ficure 31—Jumping Jacks on the Noble Dome 
Looking southeast. 


core of imperfectly disintegrated rock; the lowest show nothing but thor- 
oughly disintegrated rock in place. All these swells rise very gently be- 
tween the branching streamflood lines; but, in spite of the presence of 
stream lines, few, if any, of the swells show distinct marks of lateral 
erosion in the way of steepened side slopes. 

The Noble Dome therefore testifies not only to the possibility of dome 
production by down-wearing degradation, but also to the inefficiency of 
lateral erosion even where streams have taken the leadership in degrada- 
tional work. One of the larger swells, surmounted by a rock knob cov- 
ered with many boulders (PI. 15), stands close to the road about half a 
mile west of the dome summit: I have called it Camp Knob, because 
many travellers have enjoyed its shelter from sun and wind. It shows no 
signs whatever of encroachment by lateral streamflood erosion, for the 
slopes of the swell around its base descend gently to the nearest stream 
lines. Similar slopes are seen around a fine group of boulders (Fig. 31), 
a short half mile south of the dome summit and about the same distance 
east of the road; I have called them the Jumping Jacks, from their ex- 
ceptionally alert appearance. It is difficult to say what peculiarity of 
intimate structure enables these solid knobs and firm boulders to survive 
above the adjoining surface of disintegrated rock. 

Deliberate examination of the many swel!s has made it clear that the 
whole surface of the Noble Dome is slowly down-wearing and down- 
washing. When, in expressive western phrase, “it rains enough to run,” 
the granular product of rock disintegration is washed a few feet down the 
swells to the stream lines, and then swept along these lines far down the 
flanks of the dome. The streams do not cut sharp channels; they must 
be so heavily loaded with detritus received from the slopes of the swells 
that they perform only a minimum of corrasional work; they are, like 
sheetfloods, essentially transporters. But only on the smoothest areas, 
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where the swells have been worn down so low that they no longer serve 
as divides, can sheetfloods occur; and the production of those smooth 
areas appears to be the result of the slow down-wearing of swells in- 
numerable. Lateral erosion by either streamfloods or sheetfloods is neg- 
ligible. Let it be understood, however, that the northern part of this 
dome, along the road toward Barstow from the large northeastern resi- 
dual ridge, and the upper part of the long bahada which slopes northward 
in the direction of the Granite Mountains, comprise the area cited under 
the heading, “Locally stripped and dissected rock floors,” as having been 
locally trenched for some unknown reason by little streamflood valleys. 

One of the most significant proofs in the Mohave Desert in evidence 
of the incapacity of sheetfloods to erode laterally is the absence of an 
abrupt “edge” between the incompletely reduced area, where the swells 
of the Noble Dome survive, and the smoother area where they are want- 
ing. This dome may therefore be recommended for examination by those 
who are of the opinion that lateral erosion dominates graded desert forms. 
It is, indeed, much to be desired that all the domes of this group should 
be critically examined and carefully described, all the more because no 
other hilly domes that I have seen afford so good an opportunity for the 
study of their origin as this fine group. Camp Knob, near the summit of 
the Cave Spring road, makes an excellent center for the study of all 
the domes.° 

Hilly domes of low convexity.—In spite of the delicate dissection of 
these hilly granitic domes, their profiles are extraordinarily smooth when 
seen from a little distance. Some of them are figured in my earlier essay, 
where no mention of their faint dissection is made; and even now no 
explanation of it can be stated with entire confidence, although the expla- 
nation by down-wearing seems the best that can be offered. Some of 
the eastern members of this group of low domes have been encroached 
upon by the lateral erosion of the Mohave River, where its flood plain 
has a width of a mile or more, 10 or 20 miles north of Victorville; their 
slopes next to the Mohave Valley are therefore rather sharply incised 
by short ravines of intermittent streams, and their deeply weathered rock 
is here and there exposed in “cutcrops” where the ravines are crossed by 
new-made roads. Farther north in the same district, along the Power- 
Line road to Randsburg, an extensive granitic area has an irregularly 
hilly surface (Fig. 28), which may, with fair probability, be ascribed to 


®In the absence of side roads, exploration would have to be done on foot, but that would be 
easy for good walkers, as the open surface may be readily crossed in almost any direction. Para- 
dise Spring, 7 miles to the south, affords good water, and the dead branches of abundant creosote 
bushes supply the little fuel needed for camping in spring or autumn; and if the early months 
of other years are like those of 1932, the wild flowers in bloom on the dome would alone repay 


a visit to it. 
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SUMMIT RANGE 
Hilly crest, northeast of Randsburg. Photographs by Myron Hunt. 
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NOBLE DOME 
Granitic knobs and boulders. Photographs by Samuel Storrow. 
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revived down-wearing degradation of a slightly or moderately uplifted 
surface of low relief. In other words, it is probably the result of pro- 
longed streamflood action in an area of low slope produced or maintained 
by moderate or slow uplift. 


DESCRIPTIONS BY EARLIER WRITERS 


Ogilvie and conoplains—A brief notice of some of the earlier publica- 
tions that deal with the effects of sheetfloods and streamfloods in areas 
of aggrading playas will help to complete the terminology and show the 
development of the various views. The writings of McGee, Udden, King, 
and Berkey and Morris concerning areas of degrading playas will be 
considered under Part IV. 

A study of the Ortiz Mountains in New Mexico led Ogilvie (1905) to 
recognize an arid, outsloping, circumferential plain, partly cut back across 
the deformed rocks of the mountain mass, partly built forward by the 
deposition of its waste, to which the name, conoplain, was given. It was 
held to be peculiar in not being related to normal baselevel, because the 
streams flowing out from the high central area dwindled away on the 
lower peripheral slopes; and its production was ascribed not to sheet- 
floods but to torrents, which “anywhere would cut steep-sided canyons; 
. . . the plain will not only be scarred at all stages, but it will at all 
stages be cut by steep-sided canyons” (Ogilvie, 1905, p. 35). This sug- 
gests that no distinction was made between earlier stages of degradation 
under sheetflood control and later stages of dissection under streamflood 
control. The more-detailed study of mountain-face forms under consid- 
eration in the present paper was hardly touched upon in this early study. 


Paige and rock-cut benches.—Paige (1912) appears to have been the 
first to recognize that piedmont rock floors, or “rock-cut benches” as he 
called them, are normally covered with detritus as fast as they are 
developed, beneath a retreating mountain face, provided they drain to 
aggrading playas. He noted that, on a rock floor developed under such 
conditions, “the rising edge of the gravel sheet acts as an effective control 
below which erosion cannot take place... . A process tending toward 
leveling [grading] with respect to the gravel sheet will proceed. But 
the gravel sheet has been gradually rising; therefore the leveled [graded] 
surface is a sloping plain thinly veneered with gravel” (Paige, 1912, 
p. 449). The thin veneer may, however, as it is now understood, grow 
to a thickness of tens or fifties of feet or more on the outward part of a 
piedmont rock floor. 

Besides his discussion of rock-cut benches produced by lateral erosion, 
he also described “well-marked though dissected rock-cut benches in 
New Mexico, carved out of a mountain mass, the retreated face of which 
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rose rather abruptly from their upper border, the dissection of the benches 
and the removal of their original detrital cover having taken place by 
reason of some change of conditions, such as faulting” (Paige, 1912, p. 
443). No explicit statement is here made regarding the transformation 
of former aggrading sheetfloods into degrading streamfloods, which must 
have taken place when the process of bench stripping and floor dissection 
began. 


Lawson’s “Epigene profiles of the desert”. —Lawson’s keenly deductive 
analysis of the processes of arid degradation (Lawson, 1915) is more 
thorough than that of his predecessors, and it is adopted in this paper, 
with the exception that a subordinate modification is made, which in- 
volves the change of sheetfloods from transporting and differentially ag- 
grading agents in the earlier stages of their action to differentially degrad- 
ing and transporting agents along their higher reaches in the later stages, 
as I have tried to make clear in my other essay. His assumption of a 
fault block for the original mountain form, from which dissected moun- 
tains with covered rock floors are developed, is here supplemented by a 
discussion of other original forms on which down-wearing, instead of 
back-weathering, operates. His analysis of the sequential conditions of 
fault-block mountains led him to agree with Paige in the view that rock 
floors, draining to aggrading playas, are covered with detritus as fast 
as they are formed by back-weathering; also to make the noteworthy 
statement, which applies particularly to desert granitic mountains, that 
“in the desert . . . hard rocks present persistently steep slopes during the 
entire period of their degradation. The epigene slopes appear to be just 
as steep in old residual mountains, almost buried in alluvium, as in youth- 
ful mountains” (Lawson, 1915, p. 27); but this generalization, although 
true for granitic mountains, does not hold good for most non-granitic 


types. 


Bryan and boulder-controlled slopes—Bryan’s discussion of desert 
mountain forms (Bryan, 1922, 1925) is much more largely inductive than 
Lawson’s. He gives many examples of the control exerted over the pro- 
files of mountain faces by the texture of the detritus into which the moun- 
tain rocks are weathered. He shows that the steep faces of granitic 
mountains and those consisting of boulder-forming lavas join their graded 
piedmont slopes abruptly because their detritus consists only of rather 
large boulders and relatively small grains, without fragments of inter- 
mediate sizes, except for occasional scraps of aplite dikes, quartz veins, 
and others; but in mountains made of denser rocks which weather into 
boulders, scraps, and grains of all sizes, the steep faces pass into piedmont 
slopes by a gradual concave profile. During my visits to the Mohave 
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Desert in California, I have been much impressed with the validity of 
these generalizations which Bryan so well established by his work in 
the deserts of Arizona. 


King and embayments at discordant levels —Although King’s descrip- 
tion of the Glass Mountains (King, 1930) must be classed with the areas 
of degrading baselevels, it presents a highly significant feature of arid 
degradation that is also found in areas of aggrading playas: namely, the 
discordant levels of adjacent embayment floors. The embayments are 
said to enter the mountains “along laterally widened consequent (north- 
ern) and obsequent (southern) valleys. These extensions of the encir- 
cling pediment reach like tentacles into the mountain masses, forming level 
valleys several miles in width into which drain youthful gorges. As a 
result of sideward and headward extension of adjacent tentacles the inter- 
vening sharp rock ridges are broken through in places, changing formerly 
continuous mountain spurs into chains of inselberge. . . . Since each ped- 
iment tentacle has its own height and gradient . . . the coalescing pedi- 
ments often meet at different levels. Discordances of 50 or 100 feet are 
often met with between adjacent consequent pediment tentacles along the 
north slope of the Glass Mouutains, but the greatest discrepancies (in 
one case, 500 feet) are between the (north-draining) consequents and the 
south-draining obsequents” (King, 1930, p. 27), for the latter drain more 
directly to the lower-lying Rio Grande and the former by more round- 
about courses to its tributary, the distant Pecos (King, 1930, p. 37). It 
may therefore be expected that, when the Glass Mountains are completely 
degraded, the resulting dome or arch will have a well-defined, south- 
facing scarp between its higher northern and its lower southern slopes; 
thus repeating the much-smaller but otherwise similar case of the scarped 
Storrow Dome in the Mohave Desert, described in my earlier essay. 


Sauer and pediment gaps.—Sauer’s study of the Chiricahua area 
(Sauer, 1930), chiefly in southeastern Arizona, is, as far as I have read, 
the only American essay which, apparently following the views of certain 
German physiographers, treats the existing features of a mountain range 
as “prevalently relict, that is, produced under climatic conditions which 
no longer exist” (Sauer, 1930, p. 376). Further influence of the German 
school is found in the inference: The rounded summits of ranges “would 
be remnant surfaces of the early brusque rise of the range, when convex 
surfaces were established by accelerated development of relief. These 
ranges, because their crests have not yet been destroyed by a sufficient 
recession of [the lower] concave slopes, preserve remnants of the initial 
accelerating stage of relief development” (Sauer, 1930, p. 379). 

The Dragoon Mountains are mentioned as having inward extensions 
(embayments) of their marginal pediments which run far up the valleys 
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and in some places cut entirely through the range, thus forming what are 
called “pediment gaps” (Sauer, 1930, p. 369). Where mountain valleys 
open upon the marginal pediment, the surface resembles a fan but is not 
a true fan; that is, not wholly an alluvial fan. As for pediments, he says: 
“McGee’s quaint notion of sheet-flood erosion hardly needs to be re- 
garded ... ; they do not produce these surfaces” (Sauer, 1930, p. 375) ; 
their “sculpture is in the main the result of denudation, with erosion in 
a secondary role” (Sauer, 1930, p. 376). There is no angular junction of 
mountain slopes and pediments (Sauer, 1930, p. 368). His description 
of the process of denudation, however, sounds very much like sheetflood 
erosion. 


Other observers.—The views of Blackwelder on lateral erosion and of 
Johnson on rock fans have already been discussed in connection with the 
significance of lateral erosion. 


This review might be much extended if the work of European ob- 
servers in the arid regions of Africa and Asia were included; but, 
so far as I have examined their reports in the preparation of an ear- 
lier paper of my own (Davis, 1930), they are less detailed in the dis- 
cussion of arid erosion—and perhaps less clear—than those of the Amer- 
ican observers, McGee, Lawson, Bryan, and Johnson. Many of them 
are, moreover, much taken up with discussing whether the production of 
rock floors has not involved alternations of climate in the past, rather 
than the long persistence of an arid or sub-arid climate which most Amer- 
ican observers have considered sufficient. It may be noted that the rock 
plains of arid Africa south of the equator now extend over much larger 
areas than do any such plains in our arid Southwest today. It seems 
possible, however, that the vast lowland of arid degradation, which for- 
merly stretched across Nevada and parts of the adjoining States, and 
which I have called the Powell surface (Davis, 1925), may have once 
resembled the still-undisturbed African rock plains, although it is now 
broken up into innumerable fault blocks. 


PART IV. EFFECTS OF SLOW, LONG-CONTINUED DEGRADING 
BASE LEVELS 


REGIONS INITIALLY OR LATER DRAINED TO THE OCEAN 


General statement.—Desert regions which are initially or later drained 
to the ocean are reduced, for the most part, by differentially degrading 
sheetfloods until they eventually become bare rock floors of faintly con- 
cave slope. The gradients of these slopes are very similar to those of the 
detrital covers centering in aggrading playas (Part I), because under 
these conditions the gradients must also be adjusted to their controlling 
sheetfloods. Here should be included those enclosed intermont basins 


7 
q 
fhe 
i 


EFFECTS OF SLOW, LONG-CONTINUED DEGRADING BASE LEVELS 1403 


which, although for a time occupied by aggrading playas, are later cap- 
tured by exterior drainage: they are then trenched by streamfloods, after 
the manner described in Part II, but eventually they come to be again 
dominated by sheetfloods. The best examples of this kind are those of 
northwestern Mexico described by McGee in his original paper on “Sheet- 
flood erosion” nearly forty years ago. Other examples have been noted 
in Texas, Africa, and India. Whatever oscillations the ocean surface 
has undergone during these changes, they do not appear to be great 
enough in measure nor long enough in duration to have prevented the 
development of extensive, bare rock floors in the examples cited from 
desert continental margins. 


McGee and degrading rock floors—McGee (1897) was the first ex- 
plorer of our arid Southwest to give a clear account of the sheetfloods 
which so largely replace streamfloods on the broad, intermont “valley- 
plains,” as he called them. His unrivaled description of a sheetflood in 
action in the Sonoran region has been quoted on an earlier page, as it 
seems to hold good for the Mohave Desert also. But his account of the 
Sonoran valley-plains does not apply in other respects to the Mohave 
region; for, instead of being persistently detritus-covered, the Sonoran 
valley-plains are made largely of firm, bare rock over large areas, with 
only discontinuous veneers of detritus in transit. His text leaves no 
doubt on this point, the most explicit statement being as follows: 

“Much of the valley-plain area is not alluvium, but planed rock” 
(McGee, 1897, p. 91). He was evidently aware that such a rock plain 
is an extraordinary feature, for, on again referring to it, he added a sen- 
tence expressive of his surprise: “Of the plain, something like one-half, 
or two-fifths of the entire area, is planed rock, leaving only a like frac- 
tion of thick alluvium. This relation seems hardly credible” (McGee, 
1897, p. 91). Yet the relation persists. “For 5 miles from the mountain 
base (Sierra de Tonuco) ... the wheels grind over granite half the 
time, while on the east the alluvial veneer appears barely to conceal the 
granite over an area larger than that occupied by the sierra” (McGee, 
1897, p. 92). 

A certain type of valley-plain south of the Baboquivari Range bears 
alluvial deposits which “have the customary air of great depth, yet as 
seen in the walls of the barranca . . . they are usually but a yard or 
two in thickness for several miles from the mountains and rest on an 
eroded surface of non-decomposed mountain rocks” (McGee, 1897, p. 102, 
103). “Over dozens or scores of square miles in carefully examined local- 
ities, hard rocks like those of the mountains, and with no sign of decom- 
position, are planed down as smooth as the subsoil by the plowshare” 
(McGee, 1897, p. 108). “Those planed surfaces are not exceptional. 
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Their area may be estimated as two-fifths of the entire tract, or over 
100,000 square miles” (McGee, 1897, p. 109). In another account of his 
journey, written jointly with his topographer, W. D. Johnson, rock floors 
are again referred to circumspectly: “The geologist is surprised and dis- 
trustful of observation until many times repeated when he finds that the 
intermontane expanses are simply planed rock strata with a scant veneer 
of torrent-spread alluvium” (McGee and Johnson, 1896, p. 127). It is 
added that where the low coastal cliff of the Gulf of California undercuts 
a part of the even rock floor, “There is more of alluvium-free granite 
than of graniteless alluvium” (McGee and Johnson, 1896, p. 128). 

Little wonder that, in view of these facts of repeated observation, 
McGee concluded that the action of sheetfloods was corrasive as well as 
transportational and depositional; or that, wisely limiting his statement 
to his area of study, he wrote: “The general effect of sheetflooding in the 
Sonoran district is to carve base-level plains, lightly veneered by the 
carving material,” which “tend ever to retrogress into the mountains” 
(McGee, 1897, p. 110). Whether he supposed that such retrogression 
might be accomplished by backwearing alone, or that it must be aided by 
lateral sheetflood erosion along the mountain base, is not clear; but in 
view of the cited quotations it seems manifest that McGee was better 
justified than his critics when he asserted that, in the Sonoran district, 
sheetfloods have carved rock plains, even though that assertion would 
not be true for the Mohave Desert. He was justified in entitling his 
paper, Sheetflood Erosion. The carving must be differentially slow, for 
the sheetfloods maintain a graded flow while accomplishing it. It is not 
accompanied by rock-floor dissection such as has taken place in the 
Mohave rock floors when sheetfloods are there transformed into stream- 
floods. 

As if in further evidence of sheetflood degradation, mention is made of 
a mountain-base feature that is as remarkable as the bare rock floors of 
the plains; namely, true fans of bare rock, sloping gradually forward 
from mountain-valley mouths with a steeper gradient than that of the 
broad rock floor into which they merge. Inasmuch as the account of 
mountain torrents emphasizes their transformation into sheetfloods after 
they leave their steep-walled valleys, it may be believed that the valley- 
mouth rock fans are, like the broad rock floors, the work of degrading 
sheetfloods, although as far as streamfloods flow down the fans they also 
may aid in their production. Although it is not directly asserted that the 
rock floors of the “valley-plains” have faintly concave profiles, it would 
seem that they should have, because, as just noted, they head in valley- 
mouth fans and because the load of their sheetfloods comes chiefly from 
the mountains; and as the load is refined in texture the gradient of the 
rock floors should decrease. 
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The reason for the striking contrast between the detritus-covered 
Mohave rock floors and the bare Sonoran rock floors is not far to seek. 
It is evidently because the Mohave floors are drained to aggrading 
playas, and the Sonoran floors are, for the most part, drained by the Yaqui, 
an ocean-reaching, though intermittently flowing river. It must be for 
this reason that playas are seldom mentioned in McGee’s pages. 
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Ficure 32.—Ideal section of Sonoran rock floors 


It may therefore be inferred that, for a time, during and after the 
faulting which presumably produced the original mountain masses of 
Sonora, and while the water courses were establishing their flow to the 
sea, a depressed basin floor (N, Fig. 32) was aggraded with detritus from 
the adjacent elevated masses (E, Fig. 32) in which a convex rock floor 
(RF, Fig. 32) was growing under its concave sheetflood cover (FP, Fig. 
32). The water-courses, once established, would actively erode their 
steeper slopes, and some of the detritus previously accumulated in basins 
would then be removed. After the water-courses became graded, they 
might for a time undergo slow and small aggradation if, as I have shown 
elsewhere (Davis, 1930, p. 139) the dissection of the mountains was then 
at a stage in which the discharge of detritus from the growing valleys was 
increasing in amount. But when the stage of maximum discharge was 
passed, the whole drainage system would undergo slow degradation, with 
continual increase in the area of its smooth and bare rock floors; and 
these floors, being under sheetflood control, would then have concave 
profiles (KL, Fig. 32) similar to those of the original cover (FP, Fig. 
32). Transitional stages between those represented by the profiles (FP 
and KL, Fig. 32) may be imagined, and their discovery in some part of 
the Sonoran region would go far toward verifying the explanatory scheme 
here outlined. They should include the transformation of the (FP) 
sheetfloods into streamfloods, the stripping of the cover and the trench- 
ing of the underlying (FL) rock floor, the eventual consumption of the 
inter-trench ridges, and the restoration of sheetfloods on a smoothed rock 
surface parallel to but higher than (KL). New crustal movements 
would, of course, interfere with the scheme; but McGee, who was well 
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trained to detect such disturbances, did not make note of them. They 
may therefore be as rare in the Sonoran as in the Mohave region. 

The chief lesson to be learned from going back to McGee’s early paper 
is that the explanation of the detritus-covered rock floors of the Mohave 
Desert, based on the well-justified postulate that their drainage leads to 
aggrading playas, does not hold good for the Sonoran region. The 
Mohave postulate must there be replaced by the opposite, but equally 
well justified, Sonoran postulate that the drainage leads to the ocean. 
The production of bare rock floors with concave profiles in an arid region 
thus conditioned is as normal as is the production of buried rock floors 
with convex profiles in another arid region under opposite conditions. 


Udden and graded plains.—The area in western Texas examined by 
Udden (1907) is an extension of the Rocky Mountains. Its harder rocks 
survive in mounts, ridges, and hills; its weaker beds have been “cut 
down to almost perfect plains” (Udden, 1907, p. 10) which, over more 
than two-thirds of the district, have “a very gentle general slope (aver- 
aging 100 feet to a mile) toward the drainage channels” (Udden, 1907, 
p. 10). These areas, which are called “graded plains,” are regarded as 
representing “an equilibrium between recent erosion and transportation 
[by sheetfloods?] on the one hand and the resistance of the materials 
subjected to these forces on the other” (Udden, 1907, p. 11). In some 
unspecified areas the plains are buried under detrital deposits up to 200 
feet in thickness. In general the plains are “more or less trenched by 
arroyos” (Udden, 1907, p. 12), radiating from the mountains toward the 
Rio Grande; they are from a quarter to half a mile apart, narrow in their 
upper courses, more widely opened below; some of them are 200 or 300 
feet deep. They do not ramify, because sheetfloods on the intertrench 
plains are always heavily loaded, and this prevents “the water being 
gathered into currents which might start re-entrant gulleys” on the trench 
sides (Udden, 1907, p. 14). 

But this explanation is not satisfying. Inasmuch as this district is 
drained to an ocean-reaching river, it may be questioned whether past 
departures from this condition or various crustal movements have not 
been associated with the alterations of degradation as seen in the plains, 
deposition as seen in their detrital covers, and erosion as seen in the 
arroyos. 


King and the Glass Mountains.—In King’s account (1930) of the Glass 
Mountains (a large, cuesta-like mass in western Texas, composed chiefly 
of resistant limestones with moderate northward dip) the numerous and 
long, rock-floored embayments, all of which drain to branches of the Rio 
Grande system, are figured as having slightly concave, instead of convex, 
transverse profiles, and are described as if not necessarily aggraded during 
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their growth; for these are said to be “sublevel expanses of degraded 
bare rock, thinly sheeted by material in transport across them from the 
unreduced mountains to the master drainage lines” (King, 1930, p. 20). 
These rock floors would therefore seem to give further warrant for the 
conclusion reached in the review of McGee’s early study, to the effect 
that rock floors which drain to ocean-reaching rivers would not be ag- 
graded during their growth. But as the Glass Mountain embayments 
are excavated on belts of relatively weak rock and are not of great ex- 
tent, they are not as impressive examples of rock-floor degradation as 
are the much larger rock floors in the more-arid Sonoran region described 
by McGee. 

Although sheetfloods are recognized as of occasional occurrence around 
the Glass Mountains, streamfloods seem now to be dominant, for the rock 
floors are generally trenched along their axes. The trenches are most 
vigorously cut in the southern piedmont area which drains to the Rio 
Grande, and the trenching there is regarded as probably due to a reju- 
venation of that river. If so, it would seem to correspond, although on a 
greatly enlarged scale, to the trenching of the Silver Mountain rock floor 
consequent upon the rejuvenation of the Mohave River, as here told in 
Part II. Some of the trenches are described as close-set and nearly 
parallel; but no mention is made of the transformation of pre-trenching 
sheetfloods into trench-cutting streamfloods. 


Bryan and pediments drained by ocean-reaching rivers——In a later 
paper, Bryan (1932) discusses the production of pediments in relation to 
ocean-reaching rivers, in contrast to those formed in relation to aggrad- 
ing playas; but, as his paper is published only in abstract, few details 
are given; no statement is made as to the convexity or the concavity 
of the rock floors in the two cases. * 


REGIONS WITH BASE LEVELS IN DEGRADING PLAYAS 


General statement—When wind erosion becomes effective enough in 
transporting material out of playas to begin gradually to lower the playa 
level, the surrounding areas, like those drained to the ocean, are attacked 
by differentially degrading sheetfloods, their convex domes and arches 
are lowered and the thin edges of the detrital covers are worn away. Thus 
the area of detrital cover diminishes and the area of graded rock floor 
increases. A slightly advanced stage of a degrading playa has recently 
been described by Blackwelder (1931a) in the desert area of southeastern 


California. 
Berkey and Morris on Mongolian rock floors—The best examples of 


extensively degraded rock floors are the great “gobis” of the Mongolian 
desert, described by Berkey and Morris in their report on the Central 


i 
$ 
| 
i 


1408 W. M. DAVIS—SHEETFLOODS AND STREAMFLOODS 


Asiatic Expedition. These examples give the most striking evidence of 
the efficiency of wind in exporting fine detritus from interior basins. All 
such rock floors would become subject to dissection by streamfloods if 
they were, for some special reason, traversed and trenched by ocean- 
reaching rivers; and some examples of this kind are suspected: but better- 
certified examples of streamflood dissection are found in those gobis in 


Ficure 33.—Ideal section illustrating the relation of piedmont rock floors to wind- 
excavated hollows in the Gobi Desert 


which, as described by the same observers, the wind has, for some reason, 
begun the deeper excavation of a local basin in the weaker rocks of the 
broadly concave rock floor. On nearing such a basin the converging sheet- 
floods are transformed into trenching streamfloods; yet so effective is the 
wind as an excavator that the floors of these local basins are swept fairly 
clean of detritus, in spite of inwash by the trenching streamfloods. 

Wonderful revelations concerning the geology of Mongolia in the Ber- 
key and Morris report include accounts of numerous “P’ang Kiang 
hollows”—so named after the locality where the first example of the kind 
was seen—5 miles or more across and from 200 to 400 feet deep, from 
which the wind has removed not only the weak rocks which once occupied 
the hollows but also a considerable quantity of detritus washed into them 
by wet-weather streams. As these hollows stand in a highly significant 
relation to the graded rock floors, piedmont to the mountainous rim of 
the broad plains in which the hollows are excavated, the physiography 
of the region will be outlined here in some detail. 

The Gobi Desert is made up of systematically grouped features, the 
general relations of which are shown in Figure 33. First is the large 
structural basin or “tala” (T), 100 miles or more across, which results 
from the deformation of a fundamental body of disordered ancient rocks, 
on the well-degraded surface of an earlier stage of which once rested an 
unconformable cover of weaker strata, up to 10,000 feet in thickness. 
Each structural basin thus initiated has been greatly modified by warping 
and erosion in the production of the existing topographic basins. Not 
only has a large volume of material been removed in the reduction of the 
covering strata to a level plain (G, Fig. 33), to which the generic name, 
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gobi, is given, but the fundamental rocks in the surrounding mountains 
have been laid bare and well worn down. Indeed, around a gobi, the 
lens-like section of which may be 50 or 100 miles in diameter, the ero- 
sional plain has usually encroached upon the hard rocks of the moun- 
tains, and beyond the encroaching plain the mountains have been, in 
good part, reduced by arid erosion to sloping rock floors (RF, Fig. 33). 
Several gobis may lie in a single tala. It is within a gobi, or in the 
granites adjoining it, that the P’ang Kiang hollows (H, Fig. 33) are 
excavated. 

It thus appears that, as the authors take care to state, a Mongolian 
desert plain is not, as has been generally believed, composed of recent 
and level-bedded sediments washed into a basin after the basin was 
formed, but is a level erosion surface which bevels the weaker central 
strata, and part of the harder rocks also, of a basined structure. It is 
“a wonderfully smooth country, sloping very gently [about 10 feet to 
a mile] except where it has been recently deformed. It bevels horizontal 
and tilted strata with almost equal smoothness and in places overlaps 
[extends into] the complex rocks of the ancient floor. It is of compara- 
tively recent origin, as it overlies [truncates] all the sedimentary forma- 
tions, including the latest Pliocene or earliest Pleistocene. . . . In some 
places the expanse is so broad that the horizon appears as unbroken and 
as level as the sea-circle around a ship. . . . A smooth erosion plain was 
carved beveling the tilted and faulted sediments [also adjoining parts 
of the older and harder rocks], in the course of which process a vast 
amount of material was removed. Sediments many hundreds of feet 
thick have certainly been eroded and exported from the region” (Berkey 
and Morris, 1927, p. 336, 333, 349). 

The resulting erosion surface is more or less covered with gravels and 
sands. The gravels occur in thin sheets; their pebbles are inwashed from 
the rimming mountains or are the residue of originally higher pebbly 
strata, with “the fine material blown away” (Berkey and Morris, 1927, 
p. 334). The sands occur in discontinuous sheets, mounds, or veritable 


dunes. “We are not yet sure what may be the . . . origin of such erosion 
planes. . . . The conditions under which the Gobi erosion plane was 
formed ... are questions of some difficulty. .. . Whether it was an 


inland basin or had drainage connection with the sea at the time is an 
unsolved problem” (Berkey and Morris, 1927, p. 336, 346, 347, 349). 
Evidently, the great extent, the recent date, and the smoothness of the 
gobis make it seem extravagant to regard them as wind-excavated; but, 
as far as their extent is concerned, let it be remembered that, just as in 
surface weathering, the wind agency increases with area. In this respect, 
wind excavation is unlike the linear work of rivers or shore waves. Some 
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of the gobis have been deformed since their mysterious planation; but 
with these we are not concerned. Others seem to preserve their original 
flatness; and it is with the P’ang Kiang hollows there excavated that we 
have to do. 

Although doubt thus remains as to the origin of the gobis, no such 
doubt remains about the hollows. They “could not possibly be excavated 
without the work of the wind; no other agency could lift material out 
of an enclosed lowland. . . . Whirling pillars” of dust are often seen 
racing across their dry floors. “During violent wind storms the air was 
dark with flying dust and sand, and the sun was dim and red. Dust veils 
hung in the air for several days after the biggest wind-storms” (Berkey 
and Morris, 1927, p. 336, 337). The floors of the hollows may rise grad- 
ually to the gobi level, or may be bordered by steep, ravined escarpments, 
the retreat of which is aided by rain wash and temporary streams. ‘There 
is surprisingly little waste in the hollows” (Berkey and Morris, 1927, 
p. 341), although many wet-weather stream courses descend into them. 
“The fact that the stream courses do not lead out of the basin [hollow] 
and yet the basin does not fill, presents a problem that requires explana- 
tion. Even though there must be extensive movement of detritus [into a 
hollow], there is virtually no sediment accumulating in the bottom of the 
hollow itself. It is incredible that stream erosion could be a large factor 
in sculpturing the margins, unless some other agent removes the deposits 
as fast as they can form. Only the wind could do it” (Berkey and Morris, 
1927, p. 202). 

Now we come to the piedmont rock floors on the tala inslopes: They 
slant down from the surrounding mountains to a gobi erosion plain and 
are described as consisting of an “eroded rock bench . . . diversified by 
alluvial fans draped along the front of the range. . . . The rock surface 
of the erosion plane [bench] is marked by an infinite network of shallow 
rill courses, and is thinly and unevenly strewn with small chips of native 
rock.” The rock “is so deeply weathered and disintegrated that we 
found it impossible to secure fresh samples, except in the walls of the 
deeper gullies. . . . The wind does not contribute to the carving of the 
erosion surface [bench] except in a very minor degree; the chief role must 
be ascribed to the myriad short-lived streamlets acting on the weathered 
rock.” The bench or rock floor “is concave, steepening toward the moun- 
tain base, until it attains a gradient of five to seven and even ten degrees” 
(Berkey and Morris, 1927, p. 330) ; down-slope it “merges into the smooth 
erosion surface” of the gobi (Berkey and Morris, 1927, p. 332). Thus 
the concavity expected for the Sonoran rock floors is here realized. 

“The larger . . . mountain streams have cut shallow but steep-sided 
trenches across the slanting piedmont surface [bench],” but these trenches 
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“flatten out at varying distances from the mountain front. . . . During 
a rainstorm which lasted for about two hours, the water swept in a 
sheet under our tent, though after the heaviest squall it settled into 
shallow runways” (Berkey and Morris, 1927, p. 331). It would thus 
appear that, although temporary sheetfloods, using rock chips as tools 
to abrade the weathered rock, still determine the gradient of the piedmont 
rock floor, the floor is here and there trenched by streamfloods issuing 
from mountain valleys. Both kinds of floods may be differentially de- 
grading their graded courses, just as a mature or old river degrades its 
graded valley floor. 

The fuller significance of the relation between the P’ang Kiang hol- 
lows in the gobis and the graded rock floors piedmont to the mountain 
rims of the talas, may now be stated. Unlike the piedmont rock floors 
of the Mohave Desert, which, following the Paige-Lawson explanation, 
have been developed with respect to aggrading playas and are therefore 
covered with alluvium as fast as they grow, the piedmont rock floors of 
the Gobi Desert appear to have been developed with respect, first, to 
degrading gobi plains, and they were then bare, whether the gobi plains 
were degraded by wash to ocean-reaching rivers or by the winds. Their 
bareness still persists, now that the gobi plains so commonly have P’ang 
Kiang hollows excavated in their smooth surface; for at the present time 
the gobis are not being formed, they are “being eroded and destroyed” 
(Berkey and Morris, 1927, p. 335). 

The bareness and slow degradation of these Mongolian rock floors are 
therefore, like the same features of the Sonoran rock floors, quite as 
normal to their regional conditions as are the slow aggradation and burial 
of the Mohave rock floors to their regional conditions. Both the former 
are developed with respect to degrading drainage; the latter are devel- 
oped with respect to aggrading drainage. It is recognized that this inter- 
pretation goes somewhat beyond the explanations of Berkey and Morris’ 
text, and that it is therefore of uncertain validity; but it is surely illum- 
inating to discover that, with the reversal of the conditions postulated in 
the Paige-Lawson explanation, which accounts so admirably for the 
buried Mohave rock floors, there is a corresponding reversal from burial 
to bareness for the Sonoran and the Mongolian rock floors. 


CONCLUSION AND SUMMARY 


The results of the many excursions in the Mohave Desert region of 
southeastern California, which are detailed on the foregoing pages and 
in my earlier essay (Davis, 1933), confirm most of the conclusions re- 
garding desert land-forms, previously reached by Paige (1912), Lawson 
(1915), and Bryan (1922), modify some of them, and add a few new ones. 
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The most important confirmation is to the effect that the arid back- 
wearing of the steep scarp of a desert fault-block mountain, drained to 
an aggrading playa in an enclosed basin, leaves in its place an outsloping, 
deep-weathered rock floor which is believed to steepen forward in hyper- 
bolic profile, as shown particularly by Lawson, beneath a graded cover 
of roughly stratified, sheetflood detritus. The most important disagree- 
ment with some recent writers is in the conclusion that the area of such 
a rock floor is not increased by the lateral erosion of sheetfloods or 
streamfloods at the mountain base, but only by the back-wearing of 
the mountain face. Whether this and the following conclusions hold 
good in other deserts I do not undertake to say without detailed observa- 
tions, made with alternate hypotheses and their contrasted consequences 
in mind; for only by means of such observations can discrimination be 
made between the effects of unaided back-wearing and of back-wearing 
accelerated by basal lateral erosion. 

The slope of the piedmont detrital cover is such that wide-spreading 
sheetfloods are formed upon it, either by local cloudbursts or by the 
concentrated streamfloods, which, formed by cloudbursts in the moun- 
tains, rush out from the mountain valleys and spread in sheets, as 
described by McGee. These sheetfloods act essentially as transporting 
agencies, yet deposit a differential of their load, by which, under the 
postulate of drainage to aggrading playas, the slope is slowly built up 
as it grows headward. 

As the underlying rock floor is thus more and more deeply buried by 
the aggrading cover, the mountain-base edge of the cover becomes thinner 
and thinner, and, as Lawson again has shown, its almost rectilinear profile 
then resembles the asymptote to the long arm of the rock-floor hyperbola; 
but the profile of the cover as a whole is gently concave, its terminal 
part joining the level floor of its playa goal. 

The somewhat irregular back-wearing of a mountain face results in the 
development of re-entrant embayments between salient spurs, especially 
at the mouths of mountain valleys. The former extension of the spurs 
is often indicated, as Bryan has shown, by outstanding mounts and 
knobs. The embayments are occupied by fan-shaped parts of the detrital 
cover, which conceal fan-shaped parts of the rock floor. The cover is 
not infrequently interrupted by residual knobs of unconsumed rock, the 
more or less pronounced concave basal slopes of which testify against 
the production of the embayments by lateral stream erosion. 

An unexpected corollary to these conclusions is that the occurrence of 
degraded, detritus-covered rock floors, piedmont to vigorous mountains in 
the Basin and Range province, gives new support to Gilbert’s theory that 
the ranges of that province originated as uplifted fault blocks; for, fol- 
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lowing Lawson’s argument, it seems to be only from the scarps of fault- 
block mountains that such rock floors can be developed. 

Granitic desert mountains, usually homogeneous in large masses, 
weather chiefly by subsoil decomposition. Their rock is thus changed 
from angular joint blocks to rounded boulders and small grains, with 
few scraps of intermediate sizes. The initial fault scarps of such moun- 
tains are worn back in their earlier stages of degradation to roughly 
graded, boulder-clad slopes of 35° or 40°; which, as Lawson and Bryan 
have shown, maintain that declivity while the mountains are reduced to 
mounts and knobs. Because of weathering only to boulders and grains, 
the base of the mountain during all these changes meets the piedmont 
detrital cover with almost angular abruptness, the head-slope of the latter 
ranging from 4° to 7° or 8°. The detailed irregularities of the base 
line confirm for these mountains the statement already made that the 
mountain base is not worn back by the lateral erosion of sheetfloods or 
streamfloods, in spite of the abruptness of the base-line change of slope. 

Massive, non-granitic mountains, composed of somewhat heterogeneous 
igneous rocks, weather from angular joint blocks to subangular boulders, 
scraps, and grains of all sizes. Their initial faces are worn back in the 
early stages of their degradation, into irregular forms, in which ungraded 
rocky ledges, presumably representing the more-resistant clots and cores, 
alternate with graded, detritus-covered slopes, slanting 35° or less. These 
graded slopes, on which it appears that irregular sheetfloods must be 
formed, pass by longer or shorter concave profiles to the detrital cover 
of the buried piedmont rock floor; and the concave basal profiles confirm 
for non-granitic mountains the statement that the area of the rock floor 
is not extended by lateral stream erosion. As these mountains are de- 
graded, their slopes, unlike those of granitic mountains, are slowly re- 
duced to lower and lower declivity. 

In the later stages of granitic mountains, when the peripheral detrital 
cover ends up-slope in a feather edge, the surviving ridges and mounts 
are much reduced from their earlier size, and the detritus shed from 
them no longer loads the local sheetfloods to capacity. Thereupon the 
floods begin to rob the floor of some of its disintegrated rock. Thence- 
forth, its profile becomes convex, so that when all the residual mounts 
are consumed, a single dome or arch remains, surfaced over its higher 
part with disintegrated rock in place to depths of 20 feet or more. The 
thin overlap of the peripheral cover is found near the contour of inflexion, 
where the convex profile over the crest changes into the faintly concave 
profile of the flanks. It may happen that the two sides of a dome, 
draining to different playas, are separated by a more or less pronounced 
scarp. 
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The profiles of a granitic dome or arch thus formed should be of more- 
pronounced convexity if its surface is much below the original surface 
of the vanished mountain mass; but of less-pronounced convexity if it 
is little below. Continued degradation reduces these penultimate forms 
to lower and lower relief. 

In their later stages, non-granitic mountains are, because of their lack 
of homogeneity, reduced to groups of round-topped hills of gentle slope, 
each hill presumably being determined by a hard-rock core. The hill 
slopes merge with slight change of gradient into the detrital cover of 
the extended rock floor. 

When sheetfloods are prompted to change from transporting agents to 
transporting and eroding agents, they are transformed into streamfloods. 
These eroding floods then strip off loose detritus and lay bare the pre- 
viously covered rock floor, which if it occupies a mountain face embay- 
ment may be called a rock fan. The floor is then incised by many narrow, 
close-set, parallel or slightly divergent valleys of moderate depth. In 
time the valleys widen and consume the intervening ridges; and when 
the surface is smoothed, sheetfloods again take possession of it at a 
somewhat lower level than before. A good number of stripped and dis- 
sected rock floors are known in southeastern Arizona. 

Where upheaved masses of low relief are not raised in fault blocks, 
exposing steep scarps as previously specified, but in broad swells, the 
small streams which run irregularly away from the crest of the swells 
proceed to erode branching valley systems; but the headwater valleys 
are deepened less rapidly than they are widened. The upraised sur- 
face thus becomes diversified by many hills of moderate height and slope. 
The hills are slowly worn down to lower and lower relief, until the result- 
ing domelike mass becomes so smooth that broadly enmeshed sheetfloods 
replace the branching streamfloods. Examples of this process are be- 
lieved to have been found in various stages of degradation. 

If desert fault-block mountains drain not to an aggrading playa as 
previously specified but to an ocean, their rock floors, developed by the 
back-wearing of their faces, should be convex and detritus-covered only 
in the early stage of their degradation, while the ocean-reaching water- 
courses are becoming graded. Thereafter the rock floors should be bare 
and concave, because they will be undergoing continual degradation. It 
is believed that examples of this kind are to be found in the Sonoran 
district explored by McGee, and that he may therefore have been nearer 
the truth than his critics thought in asserting that—for his district—“the 
general effect of sheetflooding . . . is to carve baselevel plains.” 

If desert mountains drain not to aggrading playas but to degrading 
basins, their rock floors should, again, be bare and concave. It is believed 
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that examples of this kind have been found by Berkey and Morris in the 
Gobi desert of Mongolia. 

The exploration of subarid regions ought to disclose land forms inter- 
mediate between those described for the desert and the more-familiar 
forms of humid regions. It is already known that granitic mountains 
in humid regions are boulder-clad like desert granitic mountains, although 
the boulders of humid mountains are concealed under a forested soil- 
cover. Much the same may be said of piedmont rock floors; but although 
these rock floors have smooth, faintly concave surfaces of detritus or of 
rock in barren deserts, the drainage of which is spread out into broad 
sheetfloods, the drainage of the corresponding undulating and plant-cov- 
ered slopes in humid regions is characterized by many slender streamlets 
along shallow valleys. Transitional forms need description. 


RECOMMENDED STUDIES 


During the several years in which my excursions in the Mohave Desert 
region have been made, the growth of a fuller understanding of the land 
forms seen there has been a great encouragement to continued work. 
That growth has gone on even while these concluding pages were com- 
posed, and I am therefore convinced that much remains to be learned. As 
it is highly improbable that my own studies can be continued, I desire to 
recommend two districts for further study by others. One is easily acces- 
sible: the Noble Dome on the Cave Spring road to Death Valley; all 
the members of that group should be examined to see if they support the 
explanation given for the one that I have traversed. The other locality 
is not so easily reached: the Sonoran region explored by McGee; the 
contrasts here pointed out between its bare and concave rock floors and 
the convex and buried rock floors of the Mohave Desert should be ccn- 
firmed on the ground, and search should be made for forms intermediate 
between those extremes. 
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Fiaure 1. MAIN GRANITE MASS, EAST WALL OF CANYON 
Sheet joints dip toward river. Other joints, almost vertical, are not as well developed. 
Cambrian overlies the granite. 


Ficure 2. Scuists AND CHONOLITHIC MASS ON EAST WALL 
Intrusion (lower right) is also irregular in shape. Southward-dipping schist is typical of 
country rock. 


Ficure 3. Dike EXTENDING SOUTH FROM MAIN MASS OF GRANITE 
Small intrusions of granite are in schists below large dike. Overlying stratified rock is 
Cambrian. 
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BY C. S. GWYNNE 


CONTENTS 
Page 
ILLUSTRATIONS 
Figure Page 
1, Sketch map of geologic relations in Wind River Canyon................... 1418 
2. Generalized section of Wind River Canyon.................seseeeeceeees 1422 
Plate Facing page 
ABSTRACT 


A pre-Cambrian area along Wind River Canyon has been exposed by faulting, 
uplift, and erosion. The country rock of the complex is schist, dipping about 40° S. 
It has been intruded by a mass of pegmatite and medium-grained granite, exposed 
at the north end of the area. Smaller apophyses of granite extend south from the 
main mass. Most of these are parallel or sub-parallel to the foliation of the schist. 
Apophyses farthest south parallel a joint system in the the schists, and are almost 
horizontal. Pegmatite predominates over medium-grained granite, and there is 
generally no systematic relation between the two. Foliation in the granite is un- 
common. Jointing in the main body of granite suggests a stock-like form. 

The intrusion was accomplished without pronounced change of the surrounding 
rock. Injections of the lit-par-lit type are uncommon. The metamorphic country 
rock has been forced apart and crowded to the south by the granite. It is sug- 
gested that the east-west fault or fault zone paralleling the southern margin of 
the mountains might have had its inception in this southward crowding of the 
intruded rock. Whatever the subsequent history, the faulting would thus have had 


its start in the pre-Cambrian. 
INTRODUCTION 


Granites intrusive into pre-Cambrian schists are a prominent feature 
in the Wind River Canyon‘ of Wyoming, where a section across the com- 


1 Wind River is the name by which the canyon is best known. Bea Ogwa Canyon is the name 
recognized by the United States Geographic Board. Big Horn River is the approved name of the 
river which flows through the canyon. 
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plex is exposed, and outcrops are sufficiently clear and numerous to dis- 
close relations between the intrusives and the surrounding schists. A 
preliminary study of these relations has been made with a view to con- 
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Ficure 1—Sketch map of part of Wind River Canyon 


tributing toward the knowledge of the structural history of this part of 
the mountains surrounding the Big Horn Pasin. 

The Wind River Canyon lies between the Bridger and the Owl Creek 
Mountains, where the Big Horn River flows northward across the anti- 
clinal uplift south of the Big Horn Basin. The principal area of outcrop 
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is shaped like an isosceles triangle (Fig. 1), with the apex in the Wind 
River Canyon about 114 miles north of Boysen Dam. The base extends 
east and west along the mountain front in the vicinity of Boysen. There 
are also a few small isolated areas within about a mile south of this main 
area. 

The topography of the area is generally rough. The canyon is bounded 
by cliffs and steep talus slopes. The numerous, short tributaries have 
steep gradients and are also flanked by cliffs and slopes as steep as talus 
will stand. The many natural exposures have been enlarged by the con- 
struction of a highway and a railroad right of way through the canyon, 
which is about 300 feet wide at the level of railroad and highway. Almost 
vertical walls, having a maximum height of about 130 feet, flank the river 
at the north end of the area. 

Movement along a fault * which strikes approximately parallel to the 
mountain front at Boysen has raised sediments on the north side several 
hundred feet higher than equivalent beds to the south. Paleozoic and 
Mesozoic sediments north of the fault dip about 10° N. Erosion by the 
Big Horn River and its tributaries has exposed the pre-Cambrian. 


THE GRANITE 
RELATIONS 


The foliation of the pre-Cambrian schists varies somewhat in strike 
and dip. The strike is generally not more than 10° from east to west. 
The dip ranges from about 30° to 60° S., with an average of about 45° S. 
The dip is steeper toward the south. 

Considerable masses of granite intrude the surrounding rocks at the 
apex of the triangular area (PI. 1, fig. 1), and to the south, dikes and 
sills of granite decrease in size and number with distance. The deep 
pink of the intrusions is in striking contrast to the dark gray of the 
metamorphic country rock. The north end of the pre-Cambrian area on 
both sides of the river is mostly granite, but there is a small patch of 
schist on the west side where the complex disappears beneath the Cam- 
brian, and another patch a few rods south. The first of these dips gently 
west and the other south, as if they were fragments susnvended in the 
granite. No other inclusions are exposed south of these in the granite 
walls of the canyon. About 1500 feet south of the apex of the area the 
top of the granite mass dips south under the schists, but many smaller 
granite injections into the schist continue. Most of these are tabular. 
Some are too irregular to be called dikes or sills (Pl. 1, fig. 2). Southward 
the granite bodies decrease in number and size. At three quarters of a mile 


2N. H. Darton: Geology of the Owl Creek Mountains, 59th Congress, Ist Sess., Sen. doc. 219 
(1906) p. 26, 28. 
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from the apex of the area the exposures are nearly all of schists, and, 
at one and one quarter miles, granite is rare. The injected masses range 
in thickness up to 80 feet. Individual dikes show a wide range in thick- 
ness in different parts or split up into thinner ones. They are not per- 
sistent in dip or strike. Some of the large dikes near the main mass cut 
across the schists for part of their length, but these and others tend to 
become sub-parallel to the foliation of the schist, and most of the small 
ones are concordant with the foliation. Near the south side of the area 
the few dikes tend to cut across the schists and to follow a jointing direc- 
tion, parallel to the strike of the beds but dipping gently north. Near 
Boysen, such dikes can be seen in the canyon walls and on a southern dip 
slope. Inclusions are visible in some of the larger injected masses, but 
they are not abundant. There are no signs of replacement of the older 
rocks. 
STRUCTURE 

Prominent sheet-jointing in the main granite mass dips radially away 
from an unexposed center east of the area (PI. 1, fig. 1). Steepening with 
distance from the center, it attains a maximum dip of about 30° 8. This 
jointing is not believed to be related to the present nor to the pre-Cam- 
brian erosion surfaces. It may be approximately parallel to the roof 
surface of the intruded mass, and suggests a stock-like form for it. 
Other prominent joints of the main mass dip 5° S. 80° W., and less prom- 
inent ones dip 5° S. 38° W. 

Pegmatite predominates over finer-grained granite in the main mass. 
For the most part, there is nothing systematic in the relations of the two, 
but in exposures on the east side of the canyon a zone of pegmatite is 
overlain and underlain by granite of medium grain. Pegmatite and 
medium-grained granite are also interbanded near the north end of the 
area on the west side. Elsewhere the two types grade into each other 
irregularly. Foliation is generally lacking in the granite, but the medium- 
grained granite is faintly foliated for a distance of several feet below 
the schist contact in exposures near the southern end of the main mass. 
This foliation dips gently south, parallel to the contact. Faint foliation, 
as well as widely spaced thin layers of dark-green biotite, also character- 
izes medium-grained granite lying beneath pegmatite near the north end 
of the area. The biotite layers dip west at a low angle in about the 
same plane as the sheet jointing, and the weathered rock cleaves readily 
along them. 

DESCRIPTION 

The granite of the apex area is deep pink and that of the injected 
masses near the southern limits light buff, dependent upon the color of 
the abundant feldspar. The pegmatite, which predominates over medium- 
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grained granite, has microcline, quartz, and chloritized biotite. The bio- 
tite is commonly in the form either of feathery aggregates, many of them 
vertical, or long lath-shaped crystals up to several inches in length. 
Graphic intergrowth of quartz and microcline is common. Masses and 
aggregates of tourmaline are also present in a few places. 

The medium-grained phase of the granite also varies from deep pink 
to light buff with the color of the feldspar. It has microcline, acid plagio- 
clase, quartz, muscovite, and chloritized biotite. A single prominent dike 
is younger than other granite, and cuts several masses. It is medium 
grained, buff, and has a higher content of biotite. 


METAMORPHISM 


The pre-Cambrian rocks near the intrusions are no different from those 
at a distance. Contacts between the intrusives and the country rock are 
generally sharp, and inclusions have not been appreciably affected by 
the magma. Dikes and sills show little tendency to split up in lit-par-lit 
fashion. Metamorphic rocks near the southern limits of the area have 
small quartz veinlets, parallel to the foliation, which may be related to 
the intrusion. Weathered surfaces also show a structure not seen on the 
fresh rock, possibly a lit-par-lit injection of aplite on a small scale, the 
relations of which are not determined. There are a few deviations from 
the general southward dip of the metamorphics, in the form of contorted 
schists adjacent to injected masses. 


DESCRIPTION OF OUTCROPS 


A reconnaissance of the west canyon wall furnished material for a 
structural sketch and the following interpretation. 

Granite at the north end has a few associated schist masses near the 
top, and is characterized by sheet jointing, as if it were the top of a stock 
or other intrusion. Outcrops of the granite are continuous for about 
1500 feet. Other injected bodies south of this main area of granite are 
lettered in the sketch (Fig. 2), which also shows the south end of the 
main granite mass. 

(A) Sills, several feet thick, sub-parallel to the schists and to the roof 
of the main granite mass, are probably offshoots from the large mass B. 

(B) Granite of undisclosed relations contains schist inclusions. It is 
exposed for a few hundred feet and to a depth of about 75 feet. This 
may be part of the main body of granite to the north. 

(C) A large dike (PI. 1, fig. 3), about 80 feet thick at the railroad 
level, dips north at its lower end. It is nearly horizontal at the south 
end. This cuts across the general foliation of schists beneath and to the 
south, but the schists above are parallel to the contact. 
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(D) A group of irregularly injected but connected bodies lies be- 
neath C. Its relations are not shown in the exposures. Most of the bodies 
are tabular, and some are parallel to the foliation. Others lack a definite 
shape. 

(E) This injected irregular mass has many branches. Only some of 
the smaller branches are parallel to foliation. The mass as a whole is 
emplaced sub-parallel to the prevailing southward dip of the surrounding 
schist. The foliation of schist inclusions also has the general southward 
dip. 

(F) A tabular mass, 30 feet thick, is exposed in a ravine to the west. 
It dips east at a low angle, and has unknown relations. 

(G) A younger dike, 3 to 6 feet thick, cuts other granite, and crosses 
the foliation of the schist. This dike, which can be distinguished by its 
buff color, can be traced for several hundred feet, and is also distinguish- 
able on the east wall of the canyon. Many thin sills and dikes are in 
the underlying schist. 

(H) A large tabular mass is parallel to schist foliation. A few thinner 
tabular masses south of it are sub-parallel to the schist. 

(I) A branching, irregularly shaped mass, of variable thickness, cuts 
the schist at a low angle for several hundred feet. It may connect with 
the main intrusive below J, where it is concordant with schists for a short 
distance. 

(J) A few short thick sills intrude the schist. 

(K) Short sills and dikes are succeeded at the south by two dikes, 
each a few hundred feet long, which cut the schist at a low angle. Rela- 
tions with dikes still farther south are not known. 

(L) Dikes are sub-parallel to a set of horizontal joints in the meta- 
morphic rocks. They are also horizontal in the section exposed by the 
canyon but, from exposures in tributary canyons, are known to be gently 
undulating. Their general dip is to the east. 

(M) Thin dikes sub-parallel to joints in the schists continue to the 
south. There are other small ones beyond the limits of the sketch. 

Limited areas south of Boysen disclose schists with thin dikes and sills. 
The granite and host rock are much like that of the main area. A fault 
showing movement of several feet has cut across one of the dikes. 


SIGNIFICANCE OF THE OBSERVATIONS 


The main granite seems to have been emplaced by uplift and spreading 
of the overlying mass. Apophyses have extended their way into the sur- 
rounding rock, south of the main granite. Some of the apophyses broke 
across the foliation, but most of them were injected parallel or sub- 
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parallel to it. The country rock was thus pushed up to the south, but 
not with enough heat and pressure to crumple it severely, and not with 
conditions favoring lit-par-lit injection. This pushing to the south might 
well result in a fault or fault zone of approximate east-west strike. The 
line of faulting that now parallels the south margin of the Owl Creek 
and the Bridger mountains uplift may have had its inception in such 
earlier faulting. The initial faulting would thus be pre-Cambrian in age. 


Iowa State Couiece, Ames, Iowa. 
MANUSCRIPT RECEIVED BY THE SecreTARY OF THE Society, January 3, 1938. 
PreseNTep Berore THE GeovocicaL Society, Decemper 31, 1936. 
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Recent studies have demonstrated that in Illinois (1) the structural feature desig- 
nated as the Kankakee arch is a broad monocline whose axis trends northwest- 
southeast across the northeast part of the State, with the steep limb to the south- 
west, and (2) the principal and most significant movement occurred between the 
depositions of the Shakopee dolomite and the St. Peter sandstone. with less im- 
portant movements probable at several subsequent Paleozoic times. This knowledge 
adds an important item to the structural history of the region and clarifies the strat- 
igraphic succession in northeastern Illinois. 


INTRODUCTION AND ACKNOWLEDGMENTS 


The conception of the Kankakee arch in Illinois as presented in this 
paper has developed within the last 10 years, largely through collabora- 
tive studies by the Areal and the Subsurface divisions of the Illinois State 
Geological Survey. Consequently the information herewith represents 
the accomplishments not of the author alone but of several persons, 
especially Mr. Lewis E. Workman, in charge of the Subsurface Division, 
who has repeatedly contributed data from his studies, and Dr. J. Norman 
Payne, who has been engaged in the study of the subsurface formations 
for the complete geological report on the Marseilles, Ottawa, and Streator 


quadrangles. 
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EARLIER OBSERVATIONS 


The first intimations of the existence of the Kankakee arch were ex- 
pressed nearly 70 years ago, when the unusual occurrence and relations 
of the St. Peter sandstone and the “Trenton” (now Galena-Platteville) 
dolomite along Fox River in Kendall County were ascribed to “anticli- 
nals” (Bannister, 1870, p. 138, 144-146). Not until 50 years later was 
its existence again noted, and then it was definitely located and desig- 
nated as two separate but essentially continuous anticlines—the Ogle, 
Lee, and LaSalle counties anticline and the Morris-Kankakee anticline 
(Cady, 1920, p. 90, 130, 133; fig. 8). In subsequent publications, the 
Kankakee anticline was casually mentioned and its presence indicated 
(Thwaites, 1927, p. 42, pl. 1; Lamar, 1928, p. 25, pl. 3), but no special 
significance was ascribed to it. The term Kankakee arch and an assumed 
connection with the west branch of the Cincinnati arch in Indiana have 
existed only 5 years (Pirtle, 1932, p. 145-148, fig. 1; Bell, 1934, p. 559, 
fig. 1; 1935, p. 814, 820, fig. 1; Weller and Bell, 1937, p. 775, figs. 1, 4). 

The structure to which these various names have been applied has no 
relation to, and in fact trends almost normal to, a hypothesized long 
tongue of Devonian land designated as the Kankakee Peninsula or Kan- 
kakeia. (Schuchert, 1903, p. 149-150, pl. 21; 1910, p. 470-471, pl. 49). 
Subsurface studies in Illinois have shown that no such land mass existed 
at any time, but, instead, during Devonian times a short peninsular land 
mass extended north from Ozarkia to approximately the present site of 
Peoria. Nor is the Kankakee arch a resurrection of the hypothesized 
“Wabash arch” (Gorby, 1886, p. 228-241; Schuchert, 1903, p. 150) whose 
invalidity has been ably demonstrated (Phinney, 1891, p. 651-653; 
Kindle, 1903, p. 461, 463). 


CURRENT OBSERVATIONS 


About 10 years ago, in the course of a careful review of all regional 
subsurface data as a part of a complete geological study of the Oregon 
quadrangle, it was discovered that northeast of Oregon all of the Prairie 
du Chien (Ordovician) and some of the upper Cambrian strata are miss- 
ing, the St. Peter sandstone resting on the lower part of the Cambrian 
strata down to the Trempealeau formation; whereas southwest of Oregon 
there is a complete sequence of strata (Ekblaw and Workman, 1930, p. 
65-66). Thus a major post-Cambrian, pre-St. Peter fold and erosion 
were indicated, which eliminated the necessity for major faulting that had 
been assumed to account for the unique relations of St. Peter sandstone 
and Cambrian strata in East Oregon (Bevan, 1929). Additional subsur- 
face studies showed that all or most of the Prairie du Chien series was 
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absent in northeastern Illinois, thus clarifying what had previously been 
a puzzling stratigraphic succession. The approximate southwest bound- 
ary of the major unconformity as determined by these studies was pre- 
sumed to mark also the axis of the fold, which was thus identified as the 
structure previously recognized but whose name for convenience was 
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Ficure 1—Location of Kankakee arch and LaSalle anticline in northern Illinois 


shortened to Kankakee arch. The current studies by Payne, already men- 
tioned, have definitely established both the precise location and the exact 
age of the structure for a limited extent. 


ESSENTIAL FEATURES 
LOCATION AND TREND 


The Kankakee arch in Illinois trends southeastward from Oregon at 
least as far as DesPlaines River, a distance of about 75 miles (Fig. 1). 
This trend projected coincides with that of the northwest branch of the 
Cincinnati arch in Indiana, and so the assumed connection of the struc- 
tures seems justified. The structure has not been studied northwest of 
Oregon, but, as will be pointed out later, their respective ages indicate 
that it is more logically the direct continuation of the Wisconsin arch 
(Pirtle, 1932, p. 149, fig. 1) than is the LaSalle anticline (Thwaites, 1927, 
p. 36). 
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AGE 


Payne’s studies show that the major and most significant movement 
of the structure occurred between the deposition of the Shakopee and 
St. Peter formations. As identified from samples of well-cuttings, the 
remnants of Ordovician sediments on the arch belong to the Oneota for- 
mation, the oldest of the Prairie du Chien series, and there seems to be 
no regular thinning of the strata as they approach the arch. There may 
have been some movement along the arch at later periods, as at Oregon ° 
there is evidence of faulting at least post-St. Peter and more probably 
post-Galena in age, and faults involving the Galena formation occur in 
Kendall County. This later movement probably occurred between the 
Ordovician and Silurian, as suggested by the unconformity at the top 
of the Maquoketa shale in northeastern Illinois. 


MAGNITUDE 


The maximum differential movement at the time of the major uplift 
must have been between 500 and 600 feet, the equivalent of the thickness 
of the entire Prairie du Chien series plus the Jordan and nearly all of the 
Trempealeau formations at Oregon. The same relative magnitude of 
displacement is indicated elsewhere along the structure. Later move- 
ments probably did not exceed more than 200 feet. 


CHARACTER 


The original uplift was essentially a monocline, in which all of north- 
eastern Illinois and possibly adjacent areas were almost uniformly raised 
500 to 600 feet above the region to the southwest. Subsequent to uplift, 
the northeastern area was essentially peneplaned and then the whole 
region was channeled by rejuvenated streams whose valleys now mark 
the major unconformity at the base of the St. Peter formation. 


POSSIBLE IMPLICATIONS 


If the Kankakee arch be a continuation of the Wisconsin arch and the 
northwest arm of the Cincinnati arch, there is an interesting relation be- 
tween their ages. The Wisconsin arch is believed to have started its 
upward movement in pre-Cambrian time (Pirtle, 1932, p. 149), with some 
later movements; the Kankakee arch in Illinois had its major movement 
in the post-Shakopee—pre-St. Peter interval, also with some later move- 
ments; the major movement of the Cincinnati arch is assigned to post- 
Trenton time, with some subsequent movements throughout the Paleo- 
zoic era (Phinney, 1891, p. 644-646). The occurrence of the major move- 
ment of the Kankakee arch in Illinois and the subsequent erosion in the 
post-Shakopee—pre-St. Peter interval possibly also provides grounds for 
reviving the question as to whether the break between the Cambrian and 
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Ordovician periods may not occur then and whether the Prairie du Chien 
series may not actually be a part of the Cambrian system whose strata 
it resembles so closely in lithology and from which it is not separated by 
any noticeable unconformity. 

In conclusion, if the Kankakee arch proves to be the continuation of 
the northwest fork of the Cincinnati arch, as is now reasonably surmised, 
the name will provide a convenient designation for the structure to dif- 
ferentiate it from the rest of the Cincinnati arch. It may be suggested 
further that much confusion in geologic literature will be avoided if in 
the future the original name of Findlay arch (Phinney, 1891, p. 643) be 
applied to the northeast fork, as urged by Phinney (1891, p. 647-648), 
and the name Cincinnati be restricted to the main structure south of its 


bifurcation. 
SUMMARY OF CONCLUSIONS 


The discovery of a major early Ordovician uplift along an axis in 
northeastern Illinois, accompanied or immediately followed by wide- 
spread erosion, accounts for the absence of all or most of the Prairie du 
Chien series in northeastern Illinois, clarifies the stratigraphic correlation 
in that area, suggests a connection between the Wisconsin and Cincinnati 
arches and raises some interesting questions about potential geological 
relations, both structurally and historically. 


WORKS TO WHICH REFERENCE IS MADE 


Bannister, Henry M. (1870) Geology of Kendall County, in Geology and Paleon- 
tology, Geol. Survey of IIl., vol. 4, p. 136-148. 

Bell, Alfred H. (1934) Origin of the oil and gas reservoirs of the Eastern Interior 
coal basin in relation to the accumulation of oil and gas, in Problems of 
Petroleum Geology, Am. Assoc. Petrol. Geol., p. 557-569. 

—— (1935) Natural gas in Eastern Interior coal basin, in Geology of Natural Gas, 
Am. Assoc. Petrol. Geol., p. 813-842. 

Bevan, A. C. (1929) Fault block of Cambrian strata in northern Illinois (abstract), 
Geol. Soc. Am., Bull., vol. 40, p. 88. 

Cady, Gilbert H. (1920) The structure of the LaSalle anticline, Ill. State Geol. 
Survey, Bull. 36, p. 85-179. 

Ekblaw, George E., and Workman, L. E. (1930) Relation of water-bearing strata in 
northern Illinois to the LaSalle anticline, Ill. Soc. Eng. 45th Ann. Rept., 
Assoc. State Eng. Soc., Bull., vol. 5, no. 2, p. 63-67. 

Gorby, S. S. (1886) The Wabash arch, Ind. Dept. Geol. Nat. Hist., 15th Ann. Rept., 
p. 228-241. 

Kindle, E. M. (1903) The Niagara domes of northern Indiana, Am. Jour. Sci., 4th 
ser., vol. 15, p. 459-468. 

Lamar, J. E. (1928) Geology and economic resources of the St. Peter standstone of 
Illinois, Ill. State Geol. Survey, Bull. 53. 

Phinney, A. J. (1891) The natural gas field of Indiana, U. S. Geol. Survey, 11th Ann. 
Rept., p. 617-742. 


if 
| 
a 
| 


1430 G. E. EKBLAW—KANKAKEE ARCH IN ILLINOIS 


Pirtle, George W. (1932) Michigan structural basin and its relationship to surrounding 
areas, Am. Assoc. Petrol. Geol., Bull., vol. 16, p. 145-152. 

Schuchert, Charles (1903) On the faunal provinces of the Middle Devonic of America 
and the Devonic coral sub-provinces of Russia, with two paleogeographic 
maps, Am. Geol., vol. 32, p. 137-162. 

—— (1910) Paleogeography of North America, Geol. Soc. Am., Bull., vol. 20, p. 
427-606. 

Thwaites, F. T. (1927) Stratigraphy and geologic structure of northern Illinois, Ill. 
State Geol. Survey, Rept. Investig. no. 13. 

Weller, J. Marvin, and Bell, A. H. (1937) Illinois Basin, Am. Assoc. Petrol. Geol., 
Bull., vol. 21, p. 771-788; reprinted as Ill. State Geol. Survey, Ill. Petrol. 


no. 30. 


State Geovocica, Survey, Ursana, Ii. 

MANUSCRIPT RECEIVED BY THE SecreTary or THE Society, January 10, 1938. 

Reap perore Section E, AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF Science, Decemper 31, 1937. 
PUBLISHED WITH PERMISSION OF THE ILLINoIs State GeouoaicaL Survey. 


{| 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 49, PP. 1431-1440, 2 FIGS. SEPTEMBER 1, 1938 


BULKLEY AND BABINE MOUNTAINS, BRITISH COLUMBIA 


BY FORREST A. KERR 


CONTENTS 
Page 
ILLUSTRATIONS 
Figure Page 
1. Index map showing location of Bulkley and Babine Mountains map-area.... 1432 
2. Geological map of the Bulkley and Babine Mountains area................ 1433 
ABSTRACT 


The Bulkley and Babine Mountains of British Columbia are made up of a number 
of individual mountains and groups of mountains separated by low areas. Stocks 
and abundant dikes and related mineral deposits commonly occur in the high areas. 
In many of the low areas there are Lower Cretaceous sediments with a basin struc- 
ture corresponding somewhat to the topography. Locally these sediments extend 
up the mountain slopes, where they are much more indurated. It is believed that 
the mountains are due to the presence of the intrusive bodies and to related indura- 
tion and doming of the rocks in their vicinity, and that the intrusive bodies are of 


Tertiary age. 
PHYSICAL FEATURES 


The Bulkley Mountains lie east of the Coast Range, and near the 
Skeena River are separated from it by the Kitwanga and Kitsequekla 
valleys. Farther south, however, the two mountain belts merge. East 
of the Bulkley Mountains is a great northwest-trending valley, occupied 
in part by the portion of Bulkley River which the Canadian National 
Railway follows from Houston to Hazelton, and in part by the Skeena 
and Kispiox rivers for some distance northwest of Hazelton. East of 
this great valley are the Babine Mountains. The Bulkley Mountains 
are most prominent in the section west of that part of the Bulkley-Upper 
Skeena valley occupied by the railway. North of Skeena River and 
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south of Morice River they tend to die out. The Babine Mountains 
lie mainly between the westward-flowing part of Bulkley River and the 
Babine River, which is about 30 miles north of Hazelton. To the north- 
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Figure 1—Index map showing location of Bulkley and Babine Mountains map-area 


west and southeast, beyond the limits of both ranges as defined, there are 
isolated peaks and hills which probably belong to the same belts. 

The Bulkley and Babine belts are made up of many individual moun- 
tains, or mountain groups, isolated from one another by wide low areas 
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or great valleys. The Bulkley-Upper Skeena valley widens and narrows 
according to the proximity, size, and abundance of the isolated moun- 
tain areas. It is not a normal erosional valley as it does not show a 
general widening downstream. Near Hazelton most of the mountains 
are high and rugged, but southward there is a general decrease in heights 
near Bulkley valley, except for Hudson Bay Mountain which rises to 
8500 feet. In the southwest part of the map-area, however, where the 
Bulkley and Coast Ranges merge, a chain of mountains surpasses in size 
and ruggedness anything else in the vicinity of the railway in either the 
Coast or the Bulkley Mountains. 


GEOLOGY 
GENERAL STATEMENT 


The Bulkley and Babine Mountains are made up largely of volcanics 
and sediments. Small granitic bodies occur, mainly in the mountains, 
and they are largest and most abundant near Hazelton, where the moun- 
tains are highest and most extensive. Granitic dikes and mineral deposits 
are common in most of these mountains and are rare in the low areas. 


Taste 1—Bulkley and Babine Mountains 


Basalt and andesite 
Tertiary Granite, granodiorite, diorite, porphyry, and 
rhyolite 
Upper Eocene or 
Oligocene Sandstone, shale, conglomerate, lignitic coal, and 
tuff 
Upper Argillite, greywacke, quartzite, and conglomerate 
Cretaceous? 
Andesite, breccia, tuff, and rhyolite 
Lower Skeena formation, conglomerate, sandstone, shale, 
Cretaceous and bituminous coal, or conglomerate, quartzite, 
argillite, and anthracite; some tuff 
Mesozoic Hazelton Several formations of volcanic rocks and of sedi- 
Group mentary rocks 
Paleozoic? Schists 


SEDIMENTS AND VOLCANICS 
On Dome Mountain there are schists which are similar to Paleozoic 
rocks and different from most Mesozoic rocks of other parts of British 
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Columbia. They may therefore be Paleozoic. Out of the various groups 
into which the Mesozoic rocks have been subdivided in the different areas 
studied, only one, the Lower Cretaceous Skeena formation, stands out as 
a fairly readily identifiable unit in most sections. The Mesozoic rocks 
older than this have been classified as the Hazelton group. The oldest 
part of this group is a series of Jurassic and (or) Triassic massive and 
poorly bedded volcanic rocks which are largely variously colored andes- 
itic flows and tuffs. They are by far the most extensive rocks in the 
Babine and Bulkley Mountains. Overlying these in most localities is a 
series of Jurassic age mainly of well-bedded rocks which include argil- 
lites, quartzites, greywackes, conglomerates, and tuffs with locally some 
lavas and limestone. West and north of Hazelton there are tremendous 
thicknesses of these rocks, but toward the south they are thin and occur 
only in limited areas. In the area along Driftwood Creek, Hanson 
(1924b, p. 23) has classified the rocks of the Hazelton group into four 
divisions, a lower and upper series of volcanic rocks and a lower and 
upper division of sedimentary rocks. It is probable that the stratigraphic 
succession varies greatly from place to place. 

The Skeena formation is very important, as it affords most of the 
information which has led to the present interpretation of the Bulkley 
and Babine Mountains. It has been studied extensively because it con- 
tains valuable coal deposits (Dowling, 1915, p. 57). Diagnostic plant 
fossils have been found in it in several localities, but its identity is based 
largely on its lithology. 

The Skeena formation occurs in many patches throughout the length 
of the Bulkley and Babine Mountain areas. It commonly occupies the 
low areas, and because of poor exposures it may be much more extensive 
than is now recognized. In the low areas, except in the more rugged 
sections near Hazelton, the strata are nearly flat-lying soft shales, sand- 
stones, conglomerates, and bituminous coal beds. In wide low areas the 
strata are little disturbed. Toward the mountains in many places the 
beds are upturned. Where the low areas are narrow all beds are tilted. 
In the section near Hazelton the strata are considerably distorted. In 
many places they extend up the mountain slopes as thin shells. With 
increase in elevation, in smaller low areas, and in more rugged sections, 
the formation becomes progressively harder and more metamorphosed to 
hard argillites, quartzites, and schists. The coal grades from bituminous 
to anthracite and even graphitic anthracite and graphitic schist. The 
formation becomes more deformed and is cut by more dikes. Thus in the 
Hazelton section good coal is not known, and the rocks are greatly dis- 
turbed and cut by dikes. They are so highly metamorphosed that they 
are not in many places distinguishable from older rocks. On Hudson Bay 
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Mountain where they extend up the slope to elevations of 6000 to 7000 
feet they are so similar to older rocks that despite their coal content 
they were classed with the older rocks until 1934, when fossil evidence 
fixed their age as Skeena. Near the top of Hunter Mountain a small 
synclinal body of Skeena strata in a narrow valley contains anthracite 
coal. These structural and lithologic features of the Skeena formation 
have been observed in practically all localities where it has been studied 
(Dowling, 1915, p. 57; Kerr, 1936). 

The Skeena formation probably at one time covered Hudson Bay 
Mountain in a dome, because it now occurs at the base of the mountain 
on four sides and extends in thin shells nearly to the top of the eastern 
and northern slopes and for several hundred feet up the western slope. 
In these localities the formation has a maximum thickness of several 
hundred feet. The strata dip away from the mountain at an angle 
slightly greater than that of the slope, so that up the slope they are trun- 
cated by the present erosion surface and eventually the formation is 
cut out. The attitude of the formation on Hunter Mountain likewise 
suggests that it once was continuous over that mountain in an irregular 
dome. 

The Skeena formation commonly has a basal conglomerate overlain 
by fine-grained sediments which contain coal. Though the coal is not 
continuous and there are marked variations in thickness, cleanness, and 
in number of seams from place to place, there is also considerable simi- 
larity in these respects over wide areas. The variations certainly are no 
greater than in other coal-bearing formations known to extend continu- 
ously over large areas. These features suggest that the Skeena formation 
originally was fairly continuous over most of the area in which it now 
occurs. 

It is probable that other areas of the Skeena formation, such as that 
on the eastern slope of Hudson Bay Mountain where it is metamorphosed 
and carries little coal, may occur in mountainous parts and have not yet 
been discovered because of their similarity to older rocks. 

No rocks in the Bulkley and Babine Mountains have previously been 
classified as of a Cretaceous age younger than the Skeena formation. 
However, north of Toboggan Creek on Hudson Bay Mountain is a series 
of massive green to purple volcanics, chiefly andesite but including 
breccia, tuff, and rhyolite, which occur up the mountain slope above the 
Skeena formation. Jones (1925, p. 120) considered that these volcanic 
rocks were older than the Skeena formation. The writer, however, found 
that the sediments here strike from 40 degrees to 60 degrees south of 
east, oblique to the slope of the mountain, and dip northeast 15 degrees 
to 80 degrees but mainly 30 degrees to 50 degrees. The contact with 
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the volcanic series continues along the slope for more than a mile at 
about 4500 feet elevation and truncates the strata. An old adit 35 feet 
below the contact is reported to continue for 150 feet in sediments. It 
is considered, therefore, that the volcanic series lies unconformably 
above the sediments and probably dips northward at a low angle, cer- 
tainly not at a steep angle like the sediments. Westward from the adit 
the sediments continue in Toboggan Creek valley for about half a mile. 
Near their limit, conglomerate similar to that commonly found at the 
base of the Skeena formation pinches out westward between volcanics. 
The Skeena formation is not found west of this point in Toboggan Creek 
valley. These features suggest that it is not only overlain by the younger 
volcanic rocks but is entirely cut out by an unconformity in places. The 
volcanics are therefore considered to be Upper Cretaceous. They may be 
younger. 

South of the Bulkley Mountains, along their trend in the Owen Lake 
area, Lang (1929, p. 71) found rocks that contained fossils determined 
as post-Lower Cretaceous age and suggestive of Upper Cretaceous age 
rather than Tertiary. These rocks include argillite, greywacke, quartzite, 
and conglomerate, and are not greatly different in character from older 
Mesozoic rocks. They are considerably deformed and indurated by 
granite. They are restricted to the highest part of the Owen Lake area 
and constitute part of a 7000-foot peak. 

The Skeena formation, even in the areas where it is relatively flat, con- 
tains well-compacted rocks and bituminous coal. These features, to- 
gether with the fact that it has been preserved in an area of considerable 
erosion, suggest that it was extensively covered with younger rocks. In 
the areas of the Stikine and Taku rivers farther north in British Colum- 
bia, Upper Cretaceous sedimentary and volcanic rocks are extensive 
along the edge of the Coast Range. It is believed, therefore, that within 
the map-area Upper Cretaceous rocks were once much more extensive. 
Probably other areas of Upper Cretaceous rocks than those noted occur 
in other sections of the Bulkley and Babine Mountains. 

Overlying the Mesozoic complex on Driftwood Creek there is a thin 
series of sandstone, shale, conglomerate, lignitic coal, and white rhyolitic 
to glassy tuff containing plant remains of Upper Eocene or Oligocene 
age. Locally this series is considerably deformed, with dips to 60 degrees. 
The same formation, similar in lithology, succession, metamorphism, and 
thickness, is widespread in the interior plateau east of the map-area. 
Younger Tertiary basalts and andesites which form a cliff 1500 feet high, 
south of Houston, cover an extensive area to the southwest. In the 
interior plateau they are slightly unconformable with the Upper Eocene 
or Oligocene series. 
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GRANITIC AND RELATED INTRUSIVES 

The intrusive rocks in the larger bodies are mainly granodiorite, rarely 
diorite and granite; small bodies are in part similar and in part por- 
phyries and rhyolites of similar composition. The porphyries and rhyo- 
lites are merely finer-grained phases of the granitic rocks. In some lo- 
calities there are granitic intrusives of different ages, but no evidence 
has been noted to indicate that the differences are great. 

Intrusive bodies cut the Upper Cretaceous or younger rocks of the 
Owen Lake area and the probable Upper Cretaceous or younger rocks of 
Hudson Bay Mountain. In the interior plateau, similar granitic intrusive 
masses were found to be almost continuous and so similar lithologically 
to a series of volcanic rocks resting on the Upper Eocene or Oligocene 
series that they were considered to be of the same age. The Upper Eocene 
or Oligocene rocks on Driftwood Creek are deformed, and a short distance 
to the northwest similar rocks, possibly part of this series, are mineralized. 
The Lower Cretaceous rocks in many localities are altered by intrusion 
and cut by dikes. Mineral deposits associated with the intrusives were 
found in the Lower Cretaceous rocks and the younger series of volcanic 
rocks on Hudson Bay Mountain. These data suggest a Tertiary and 
probable Eocene or Oligocene age for most of the intrusive bodies. 


MINERAL DEPOSITS 


The mineral deposits contain one or more of the following metals: 
gold, silver, copper, lead, and zinc. They occur mainly within a mile 
of the contacts of the intrusive bodies, both within the bodies and in 
the adjacent rocks. Only on Rocher Déboulé Mountain are deposits well 
within large intrusive masses. The fine texture of many of the related 
intrusives suggests that many of the deposits were probably formed under 
near-surface conditions. Also, the deposits show the banded structure, 
with crystals growing from the walls, indicative of deposition in open 
fractures. On Hudson Bay Mountain the deposits commonly occur in 
fractures which radiate from the center of the mountain, and they appear 
to have been localized below the covering Skeena formation. They are 
now found mainly near the remnants of this formation where there has 
been little erosion since its removal. In the main, they do not have 
great vertical depth in any one place, though they occur from the bottom 
to near the top of the mountain. The widest part of each deposit occurs 
in the central part of the surface showing, thus indicating that the widest 
open space at the time of deposition was in the central part of the frac- 
ture directly underlying the Skeena formation. Downward toward the 
core of the mountain and toward the ends of the deposits on the surface, 
the veins become narrower, indicating less open space in these directions 
at the time of mineralization. These conditions on Hudson Bay Moun- 
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tain indicate that the fractures occupied by the veins were formed by the 
doming. In many of the deposits there is clear evidence of movement 
along the fractures during mineralization, thus closely linking the forma- 
tion of the fractures with the intrusion and the mineralization. 

In many other localities, similar features occur. On Dome Mountain, 
dikes of the intrusives follow the fractures and are in turn sheared and 
cut by gold veins which are broken and cut by later veins, all along 
approximately the same trend. In many localities, veins are reticulate 
and largely flat-lying, and are of a character indicating that they were 
formed in open fractures. These features suggest that the fractures were 
caused by subsidence, probably near the surface. The deposits in many 
places change considerably along the strike, and the minerals in nearby 
fractures are markedly different. However, in many groups. of deposits 
the same mineral combinations are found. In many places, veins of one 
type cut those of another. In some fractures, all types occur in bands, 
whereas in others only one type may be present, indicating that the solu- 
tions from time to time changed in character and that the courses which 
they followed also changed. The differences in mineralization in the 
deposits are believed to be due mainly to this. There is no very pro- 
nounced zonal arrangement anywhere. These features again indicate the 
close relationship between the development of the fractures and the min- 
eralization and suggest that the fractures and other structures were 
closely related to the intrusions responsible for the mineralization. 


CONCLUSIONS 

The structure and character of the Skeena formation suggest that it 
was upbowed in many of the mountainous sections of the Bulkley and 
Babine ranges. The presence of intrusive cores in the same mountainous 
sections suggests a close relationship between the upbowing and the intru- 
sions. There is a similarity in most features between the intrusive bodies 
and between related structures. Evidence tends to point to Eocene or 
Oligocene age for some of the intrusives. Most of the bodies are probably 
of about the same age. 

The character of many of the intrusive bodies and of many of the 
related mineral deposits indicates that both were formed near the sur- 
face. The mineral deposits occur in fractures related to the dome struc- 
tures. Both intrusion and mineralization were taking place while the 
fractures were being developed. Some mineralization occurs in fractures 
caused by subsidence. The mineral deposits are confined to relatively 
narrow zones near the intrusive bodies. Within this narrow zone both 
high and low temperature deposits occur. Because of proximity to the 
surface the high to moderate temperature zone in which the deposits 
could form was narrow. 
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ABSTRACT 


In an area on Gardiner River, a flow of rhyolite followed a small valley previously 
eroded in a basaltic surface. Remarkable contact effects were produced. 

In many places the rhyolite penetrated deeply into the basalt as complex networks 
of veins and dike-like bodies, which ramify through the basalt in intricate patterns. 
Corrosive action of the rhyolite upon the basaltic surface carried away material 
bodily and effected changes in the original channel. The composition of the basalt 
near contacts was greatly modified. Basaltic constituents were removed and rhyo- 
litic constituents were substituted in such a manner that the compositions of altered 
rocks lie on straight lines between basalt and rhyolite. 

The facts of occurrence are clear. In attempting to explain them it has seemed 
necessary to attribute properties to the rhyolitic magma somewhat at variance with 
those usually postulated. 

INTRODUCTION 


In the Yellowstone Park monograph J. P. Iddings (1899, p. 430) noted 
the occurrence of “lavas of abnormal appearance,” in which basalt xeno- 
liths are included in rhyolite, “on the plateau west of Beaver Lake and 
on the south bank of Gardiner River south of Bunsen Peak.” His descrip- 
tion of field relations is brief. Microscopic characteristics of specimens 
are described somewhat more fully. In conclusion, however, he stated: 
“Tt is evident, both from the occurrence of large fragments of basalt com- 
pletely surrounded by rhyolite and from the microscopical character of 
the rocks, that the rhyolite fused the basalt and was the more recent 
eruption.” 

For a number of years members of the Geophysical Laboratory of the 
Carnegie Institution of Washington, including the writer, were engaged 
in hydrothermal investigations in Yellowstone Park. During these inves- 
tigations the writer recognized the desirability of examining the sites 
mentioned by Iddings, but for some time it did not appear practicable. 
Other matters connected with the work on hand required attention, and 
Iddings’ description of the localities was too indefinite for direct location. 

On the geological map of the Park, no occurrence of basalt is indicated 
in the area that might be regarded as answering the description “west of 
Beaver Lake.” Along Gardiner River, “south of Bunsen Peak,” a contact 
of basalt with rhyolite extends for several miles. For most of this distance 
the river flows in a canyon, and a search for the specific contact at which 
the relations occurred seemed difficult. To add to the uncertainty, Gar- 
diner River here flows nearly northward, so that only locally could the 
river have a “south bank.” On the east (or southeast) side of the river 
no roads or trails are laid out within a wide extent of rugged and forested 
territory, and the only practical means of access would be to follow the 
main highway southward from Mammoth Springs to the place where it 
crossed the Gardiner at the “Seven mile bridge,” cross the Gardiner there, 
and then cross its tributary, Obsidian Creek, and explore the east bank 
of the Gardiner downstream. 
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In 1929, near the close of the season’s work, an attempt was made to 
find the Gardiner River locality. An outcrop was found, only about 
a quarter of a mile below the junction of Obsidian Creek with Gardiner 
River, which appeared to correspond to Iddings’ brief description. A 
mass of rock, perhaps 15 feet in greatest dimension, rises abruptly from 
the flat alluvium that borders the river. It consists of a much plicated 
microcrystalline to glassy rhyolite containing numerous small and large 
blocks of basalt. Many of these appear to be in process of digestion. 
The relations were studied, and specimens were taken. 

Though the features of this outcrop were interesting and rather remark- 
able and seemed to confirm Iddings’ conclusions, the exposure was 
unsatisfactory, as it was small and isolated. It is believed to be the oc- 
currence to which Iddings’ description applies, but its phenomena are in- 
significant in comparison with those later discovered. In the latter occur- 
rences the field relations are so extraordinary that if they had been seen 
by Iddings they surely would have received a more adequate description. 
Moreover, Iddings speaks of an outcrop on only the south side of the river, 
but the exposures to be described are prominent on both banks. 

In 1930, opportunity for further exploration was found. About half a 
mile downstream from the outcrop mentioned, the river enters a small, 
steep-sided, rocky gorge. Above this point, the stream flows over a 
gravelly bed and has a gentle gradient. At the entrance to the gorge it 
drops swiftly in a long cascade over a rocky floor. (Fig. 1; Pl. 3, Pl. 5, fig. 
1.) The river flows nearly eastward here. This is the beginning of a 
descent that continues for miles and develops the imposing Gardiner 
Canyon. 

At the head of the gorge, and for several hundred feet downstream, excel- 
lent exposures exhibit the extraordinary relations between basalt and 
rhyolite. The only drawback is that, although in many places the sur- 
faces of rock are fresh and altogether satisfactory for study, at other 
places a weathered dark film obscures them, or a growth of lichens covers 
them. This is especially true near the river’s edge, and one may have to 
break into rock surfaces to follow the intricate patterns of injected rhyolite 
at some especially interesting site. 

Considerable study was made of the exposures in 1930. Tentative 
answers were found to some of the problems presented by the complex 
relations, but others seemed to require further study. Specimens were 
brought back to the laboratory, and many thin sections were studied. 
Several analyses also were made. 

In 1934 the writer returned to the Park for several weeks to make an 
intensive study of the area. Further microscopic and analytical work 
was done, and the study has recently been completed. 
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Between 1930 and 1934, the main highway in this portion of the Park 
was relocated and now follows a course that makes the area more acces- 
sible. The old “Seven mile bridge” across the Gardiner has been aban- 
doned, and the road crosses the river below the junction with Obsidian 
Creek. A short distance north of this point a stub road runs north- 


Ficure 1.—Compass and tape survey 
At top of cliffs on north side of Gardiner River, showing distribution of various types of rock. 


easterly about half a mile along the flats bordering the river. From its 
end, a trail continues along the river bank, and an easy walk of 10 or 15 
minutes brings one to the contact area. The accessibility of the area, 
and the excellent manner in which relationships are exposed, are gratifying 
features. The writer hopes that many geologists will visit the site and 
contribute to the elucidation of its problems. From the studies made 
he is convinced that fundamental properties of magmas are revealed 
here. Certain definite conclusions have been reached as to the processes 
that have been operative, but an answer to the question of how it was 
possible for them to operate in the manner shown is still, to a considerable 
degree, a mystery. The phenomena seem to require modifications of 
some of our ideas regarding properties of magmas. The area has been 
shown to a number of well-known geologists of wide experience, and all 
have been impressed with its remarkable character. 


GENERAL GEOLOGICAL RELATIONS 


The highway running southward from Mammoth Springs first makes 
a steep climb to Golden Gate, just west of Bunsen Peak, and then enters 
a broad, elevated, nearly flat valley, known as Swan Lake flats. For 
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several miles this is floored with gravel deposits, but, farther on, occa- 
sional outcrops of basalt appear on both sides of the road. On the 
geologic map of the Park, this basalt is represented as extending con- 
tinuously eastward to Gardiner River. Personal examination has con- 
firmed the presence of thick basalt masses in Gardiner Canyon. This 
rock is designated as recent (Neocene) basalt, and it has the even grain, 
with few phenocrysts, and the fresh appearance that characterize the 
basalts of the latest igneous epoch. It is the earlier of the two rocks 
(basalt and rhyolite) with which the present paper is concerned. In the 
contact area its locally eroded surface was the floor over which the 
rhyolite flowed. 

In the contact area the thickness of the basalt is not known, but it is 
probably not great, for at a little distance to the east the base of the 
basalt rests upon friable material that has the appearance of an old 
soil mantle. A thickness of basalt of not more than 100 feet at that point 
is indicated. Several miles downstream, the canyon walls show a great 
thickness of basalt, with the lowest exposures at a much lower elevation. 
This, in connection with other evidence that will be given, indicates that 
for a long period the steep northward (or northeastward) drainage of 
today has persisted. This indication of free outlet to the north has a 
bearing upon the question of the magnitude of the rhyolite flow that cov- 
ered the contaci area. 

The cliffs of columnar basalt at the end of the stub road by which one 
enters the contact area are doubtless parts of this same basaltic flow or 
series of flows. Downstream from here, the cliffs at first recede from 
the river and are hidden by forest, but just before the contact area is 
reached a similar exposure of columnar basalt is seen close at hand on 
the left (Pl. 1, fig. 1). The tops of these cliffs are at approximately the 
general level of the upper surface of the basalt. An extension of this 
basalt eastward forms an almost continuous rim bounding the northern 
side of the contact area (Fig. 1; Pl. 4, fig. 1). 

The significant exposures are found on both sides of the river. The 
area within which important relations appear is not great. A surface 
measuring 900 feet along the river by 250 feet in width covers the most 
important. Previous to the rhyolite flow erosion of the basaltic surface 
had developed a small valley here, closely coincident with the present 
river valley. The floor and sides of this older valley were irregular, as 
can be seen in the prominences that emerge from the partially stripped 
off cover of rhyolite. Small ridges, pinnacles, and other erosion forms 
of basalt are numerous (PI. 1, figs. 2 and 3). 

The largest exposures are on the north side of the river. On the south 
side a similarly irregular pre-rhyolite surface of basalt, sloping upward 
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from the river, is recognizable, though exposures are few except close 
to the river. The area, therefore, represents the bottom and sides of a 
former valley that nearly coincided with the gorge along which Gardiner 
River now flows. The present cycle of erosion has re-excavated the valley 
and has fortunately gone just far enough to remove a large part of the 
rhyolite but leave the contact relations well exposed. 

Later it will be necessary to consider the interesting possibility that the 
rhyolite flow itself brought about considerable modification of the older 
valley, by attacking and carrying away portions of the basaltic floor. 
If this is true, the form of the floor on which the rhyolite now rests is not 
strictly that of the pre-rhyolite floor. It seems certain, however, that a 
well-defined little valley of irregular surface existed here. 

This old valley in the basalt seems to have had its median axis in almost 
the position of the present river valley. If one may judge by present 
relations of basalt and rhyolite, its descent was somewhat more rapid 
than that of Gardiner River, for at the entrance to the area the rock in 
the river bed is basalt, whereas at the exit rhyolite descends below water 
level (Pl. 2, fig. 1). 


MAGNITUDE OF THE RHYOLITE FLOW 


Determination of the magnitude and duration of the rhyolite flow that 
covered the basalt would be desirable, for upon these features depends 
our conception of the amount of heat that would*be imparted to the 
underlying basalt and the quantity of gases that would be given off. 
Direct evidence is scanty. 

As we have seen, the pre-rhyolite surface of the basalt here formed a 
small gorge, similar to the present one, and its axis apparently had a 
steeper pitch. According to evidence the rhyolite was highly mobile in 
its earlier stages and tended to move rapidly upon the surface gradients. 
What was the nature of the topography to the northeast and north? 
Would it allow unimpeded movement of a large volume of lava in that 
direction? If so, the basaltic floor was subjected to the effects from a 
large flow passing over it. Not until increasing viscosity or obstruction at 
the front of the flow dammed it would the lava accumulate on the con- 
tact area to the moderate thickness now indicated, whereas the effects on 
the underlying basalt would be due to the much greater volume of rhyolite 
that had passed over it. 

Efforts to obtain an idea of the pre-rhyolite topography to the north 
were made, but only scanty information was secured. At the east (down- 
stream) end of the area, exposures of the rhyolite in question stop ab- 
ruptly, and the basalt walls bounding the depression recede from the river 
and then swing in again in two prongs that form a narrows. Within this 
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Ficure 1. CLIFFS OF COLUMNAR AND BLOCKY BASALT 
A short distance west of contact area. 


Ficure 2. BASALTIC RIDGE 
Capped with rhyolite, with included bowlders of basalt. 


Ficure 3. JAGGED CONTACT BETWEEN BASALT (RIGHT AND BELOW) AND 
RHYOLITE (LEFT AND ABOVE) 
Xenolithic bowlders of basalt in rhyolite are outlined. 
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Figure 1. NEAR EAST END OF CONTACT AREA 
Looking upstream. Rocks at left are rhyolite with few basalt inclusions; cliffs at right are 
rhyolite and mixed rock. 


Ficure 2. LARGE BOWLDER OF BASALT 
Loosened from rhyolite matrix. 


Ficure 3. West END OF CONTACT AREA 
Rhyolite with innumerable inclusions of basalt. 


INCLUSIONS OF BASALT 
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small, flat-bottomed bow], is a rhyolite showing little resemblance to that 
in the contact area. It has the peculiar characteristics of a fragmental 
flow of Katmaian type. The age relations of this to the rhyolite of the 
contact area are not evident. Farther downstream, where the prongs of 
basalt form a narrow neck, slumped masses of basalt have dammed the 
river and produced a second cascade. This basalt (Y. P. 969) has a com- 
position very like three other analyzed samples of basalt taken closer to 
the contact area. It is doubtless the same basalt. Just at the second 
cascade, the base of the basalt was found. It is vesicular and somewhat 
corrugated and here rests on the old soil mantle. A small rhyolite pebble 
found in this indicates a pre-basaltic rhyolite and tends to confirm the 
view that the basalt belongs to the latest igneous epoch, for true rhyolites 
were rare in previous epochs and probably occur only in distant regions 
of the park. 

Downstream from the basaltic narrows, cliffs of rhyolite of Katmaian 
sand-flow type are prominent at the river’s edge. The river continues to 
drop rapidly and swings to a northerly course. It is bounded by high cliffs 
of rhyolite that has the appearance of a true lava rather than a fragmental 
flow. No basaltic xenoliths were found in it. 

A reconnaissance was made for a considerable distance along the 
Gardiner farther to the north. Here the river continues its rapid descent 
in a steep-sided gash entrenched 200 to 300 feet below the rim. The 
canyon coincides almost exactly with a contact between basalt on the 
west and rhyolite on the east, though in places rhyolite appears a little 
to the west of the river. It is evident that the rhyolite lies against a 
steep wall of basalt. Some of the rhyolite appears to be of Katmaian 
type. Nothing seen suggests whether this rhyolite was younger or older 
than that in the contact area. 

Though these observations are unsatisfactory as evidence of the topog- 
raphy at the time of the rhyolite flow, they do show that the surface 
over which the basaltic flows spread sloped rapidly northward, that the 
present line of Gardiner Canyon coincides with the contact between basalt 
and a large mass of rhyolite to the east that occupied an area from which 
basalt had been removed, and that the rhyolite-basalt contact in turn 
was deeply dissected by a resumption of drainage in the same general 
direction. 

The rhyolite flow in the contact area cannot be correlated with the rhyo- 
lites in the canyon, but its base has a steep gradient in the downstream 
direction of the river. It appears, therefore, that through several vicis- 
situdes of lava-flooding and resumption of erosion, the point of escape of 
drainage lay to the north or northeast at a much lower level than that 
of the contact area, and that after each lava flood erosion rapidly resumed 
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its work of re-excavation. Moreover, the steep pitch of the small trough 
that the rhyolite occupied in the contact area implies that at the time of 
its extrusion a depression of considerable depth lay to the northward. 
Until this depression was filled by the flood of rhyolite, the lava in the 
contact area could not have accumulated to the depth of 100 or 125 feet 
that is implied by its highest and lowest exposures. ; 

At the present time, Gardiner River continues its swift descent until it 
enters Yellowstone River at the town of Gardiner, 8 or 9 miles north of 
the contact area and 1600 or 1700 feet lower. There is evidence from 
other sources that the valley of the Yellowstone has been established 
for a long period and that the drainage of the northern portion of the 
Park has been directed toward it. 

A question still to be considered is whether the rhyolite flow of the con- 
tact area originated at some point to the southward, and thus necessarily 
passed over the area, or whether its origin was in the region to the north, 
and the flow merely backed up over the area after its escape to the 
northward had been blocked. On this matter we have the indirect evi- 
dence that most (perhaps all) of the great rhyolite outpourings of the 
Park undoubtedly originated in the central region to the south and south- 
east, where now enormous accumulations are present. If such a southerly 
source is regarded as most probable for this rhyolite also, the passage of 
a large flood of rhyolite over the contact area is indicated. 

The evidence on these matters has been examined with as much care 
as possible. Positive conclusions on the magnitude of the rhyolite flow 
are not warranted, but the remarkable contact effects produced by it upon 
the basalt are so difficult to explain, under any conditions, that one tends 
to favor a view that aids in understanding how they were brought about. 
That they should have been produced by the small amount of rhyolite 
that appears actually to have come to rest upon the basalt seems beyond 
belief. 

As previously stated, the rhyolite possessed great mobility in its earlier 
stages. Nevertheless, certain features indicate high viscosity at a later 
stage. Large bowlders of basalt, which would tend to sink in the rhyolite, 
are wholly enveloped in it and have been frozen in place several feet 
above solid support (Pl. 1, figs. 2 and 3; Pl. 2, fig. 2). The rhyolite itself, 
in places, shows sharply plicated bands, which would not have persisted 
in a less viscous fluid. These phenomena are doubtless due to increase 
in viscosity. They show, moreover, that the rhyolite was still moving at 
this stage. In fact, the steep inclination of the banding in places seems 
to show that after the rhyolite had accumulated to its greatest depth over 
the area, part of it drained away. Therefore, the thickness indicated by 
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the vertical distance between its lowest and highest occurrences may have 
been a maximum and only temporary condition. 


BASALT XENOLITHS WHOLLY ENCLOSED IN RHYOLITE 


On approaching the area from the west, along the north bank of the 
river, one comes to exposures in which the rhyolite is mostly a perlitic 
obsidian (Pl. 2, fig. 3). Spherulites occur in it, as well as hollow pockets 
(blow-holes), 1 to 2 inches in diameter. Banding of the mass dips to 
the south (toward the river) at an angle of 20 to 30 degrees. The rhyolite 
contains innumerable blocks of basalt up to 2 feet in diameter. The 
generally glassy character of the rhyolite is unlike the more prevalent 
felsitic character. These exposures are at the west end of the map area 
(Fig. 1). 

The rhyolite here is considerably decomposed, and the exposure is not 
satisfactory for a study of finer relations, though the major relations are 
clear. 

The outcrop is a bluff 10 to 12 feet high, sloping upward to the north, 
away from the river. It is continuous for about 150 feet. A soil-covered 
gap then intervenes for about 60 feet, above which is a prominent ledge 
of basalt, which runs east and west, at right angles to this outcrop of 
rhyolite and is part of the rim basalt that bounds the basin on the north. 

Although the rhyolite, with its many inclusions of basalt, lies close 
to the basaltic ledge, and there can be no reasonable doubt that its xeno- 
liths are derived from this basalt, and although similar relations are 
found at other places where rhyolite comes within a few feet of the basaltic 
rim of the area, the xenoliths of basalt enclosed in rhyolite, at all places 
in the contact area, differ in appearance from the rim basalt. Among 
thousands of xenoliths examined there was hardly one that did not show 
metamorphic effects. Similar changes are seen in the basalt of the floor 
underlying the rhyolite. 

The unaltered basalt is a dark-gray, even-grained, brittle-looking rock, 
in which almost no phenocrysts are discernible. Metamorphism by con- 
tact with the rhyolite has affected the basalt to various degrees. The first 
effect noticeable is that the rock appears spotted with numerous small, 
light-colored phenocrysts. A study of thin sections shows that (with 
slight exceptions to be noted) new phenocrysts (or porphyroblasts) do 
not seem actually to have been developed, but most of the groundmass 
has broken down into a fine-grained, and hence darker, aggregate, leaving 
some of the original crystals relatively intact and more conspicuous. At 
the same time, a few small quartz phenocrysts have developed in the 
midst of the basalt, which, in its unaltered phases, shows no trace of 
quartz; and some of the lime-soda feldspars have been transformed into 


| 
* 


1450 C. N. FENNER—CONTACT RELATIONS ON GARDINER RIVER 


alkali feldspars. Chemical analyses reveal that the composition of such 
rocks has been altered in the direction of rhyolite. This is the first stage 
of a series of remarkable transformations by which the composition be- 
comes progressively more and more rhyolitic. Analyses show perfect 
gradation from unaltered basalt to rocks that are much more rhyolitic 
than basaltic. 

In the early stages, it is the feldspars chiefly that give the porphyritic 
effect, because of their light color, but olivines and pyroxenes behave 
similarly. 

The contact area is bounded on the north by almost continuous ex- 
posures of basalt 50 to 100 feet from the edge of the river bluffs, and 25 
to 30 feet higher. The surface relations of rhyolite, basalt, and mixed 
rock in the part of the contact area lying north of the river are shown 
on the sketch-map (Fig. 1). Farther to the north only basalt is found. 


UNALTERED BASALTS AND RHYOLITES 


The rim basalt appears to be perfectly homogeneous. In order to be 

assured that only a single body of basalt is present, several analyses 
have been made of samples taken along the border of the area at con- 
siderable distances from each other. From west to east, they are as 
follows: Y. P. 1024 is from the cliffs somewhat to the west of the con- 
tact area (Pl. 1, fig. 1); Y. P. 904 is from the exposure of rim basalt 
just described, at the west end of the contact area (just northwest of 
Station A, Fig. 1); Y. P. 1025 is from the east end of the area, at the 
top of the cliffs on the north side of the river, where the basaltic rim rock 
lies close to rhyolite (near Station F, Fig. 1); and Y. P. 969 is from the 
cliffs at the second cascade, about 300 feet east of the east end of the con- 
tact area, where basalt overlies a mantle of soil. Between the two extreme 
specimens the interval is about a quarter of a mile, and the intermediate 
specimens are spaced at somewhat unequal intervals. The analyses are 
given in Table 1. 
- The first three analyses are so nearly alike that they might almost be 
triplicate analyses of a single specimen, and the fourth is only slightly 
different. It can hardly be doubted that they all represent a single flow 
of very uniform basalt, No indication of any other basalt in the vicinity 
has been found. The small amounts of CO, and H.O in the analyses 
attest the freshness of the rocks. 

The rhyolite that covered the basalt is of ordinary appearance at many 
places, but much of it contains innumerable vesicles lined with tridymite 
crystals. Even small veins penetrating basalt frequently show this 
feature. 
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TasBLe 1—Analyses (per cent) of unmetamorphosed basalts 


Y.P.1024 Y.P.904 Y.P.1025 Y.P. 969 


8.87 8.90 8.66 8.20 
n.d. n.d. 0.04 n.d. 
n.d. n.d 0.00 n.d. 


It is difficult to find rhyolite which does not contain at least a few 
xenoliths of basalt. The two specimens analyzed were selected for their 
purity, and the few obvious xenoliths were broken out. Y. P. 554 contains 
many tridymite-lined vesicles; Y. P. 914 is relatively dense and shows 
somewhat plicated bands. Their analyses are given in Table 2. 


Taste 2.—Analyses (per cent) of least con- 
taminated rhyolites 


Y. P. 554 Y. P. 914 


0.37 0.40 
1.09 0.83 
Was 3.56 3.44 
0.02. 0.03 
0.31 0.37. 
0.08 0.00 
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In specimen Y. P. 554, fluorine, determined by E. S. Shepherd by an 
improved method developed by him, was found to equal only 0.012 per 
cent. The main analysis shows H,O to be low and CO, absent. The vola- 
tiles evidently escaped almost wholly but left the tridymite vesicles as 
evidence of their action. 

In the Yellowstone Park monograph, only one analysis of a recent 
basalt is given. This resembles the basalt of the contact area, but it is 
not sufficiently close to indicate identity. Many analyses of rhyolites 
are given, which likewise have only a general resemblance to the rhyolite 
of the area (Iddings, 1899, p. 438, 426). 


GENERAL NATURE OF THE CONTACT EFFECTS 


During the writer’s studies in 1934 the low stage of Gardiner River 
permitted access to practically all places along the margins of the river. 
Almost every foot of these exposures was examined. 

The contact relations between rhyolite and basalt are very complex. 
They are variable in their manifestations, and each feature is so involved 
with others that it can hardly be segregated for description. Typical 
occurrences will be described. Similar effects are visible everywhere in 
the area. 

Although the phenomena are of great variety, they may all be regarded 
as manifestations of a few processes that define the mode of attack or 
penetration of basalt by rhyolite. They are closely allied, and their 
effects often merge, but the obvious results may be distinguished: 

The first is the penetration of basalt by a network of distinct veins of 
rhyolite. An idea of the effect may be gained from the fact that at the 
first exposure of the kind studied in detail the impression was that rhyo- 
lite had worked in among talus blocks. 

Many of these veins are typical rhyolite, but others, in their progress 
through basalt, have attacked the walls and contain basaltic débris. 
This corrosive action may be regarded as a second process. 

A third manifestation to be noted is that rhyolitic material has gained 
access to masses of rock by impregnating the most minute interstices 
among mineral grains. During this process the rock remained undistorted, 
with sharply defined contacts against the surrounding rhyolite, while 
basaltic constituents were carried away, and their place was taken by 
rhyolitic material. In many instances the resulting product is a uniform- 
looking altered rock; in others, the irregular action has left nodules of 
nearly unaltered basalt, or ghostly patches, less metamorphosed than 
their surroundings. In places the metamorphism has gone so far that 
rather large masses of rock have become much more rhyolitic than 
basaltic. 
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This phenomenon is so different from anything with which the writer 
had been familiar that it caused much perplexity in early studies. Rocks 
obviously intermediate in composition between basalt and rhyolite were 
assumed to represent a uniform disintegration of basalt in rhyolite, to- 
gether with partial assimilation and strewing-about of basaltic minerals 
in the liquid. Gradually the fact was appreciated that although this 
process was important it was an impossible explanation of many occur- 
rences: that, on the contrary, the basalt had retained a solid, undistorted 
framework, with sharp boundaries, while replacement went on. 

The ledge of rhyolite shown in Figure 3 of Plate 2 is banked against 
a low ridge or dome of basalt at the rear. The summit of this ridge is 
exposed not far away (PI. 1, fig. 2). This is at the west end of the map 
area (Fig. 1). The ridge had been covered with rhyolite but has been 
exhumed by erosion. The rhyolite contains numerous xenoliths, of which 
a few are indicated in outline. At this exposure, as at all others in which 
rhyolite overlies basalt, no trace of an old soil bed or of a weathered 
surface of basalt can be seen. If these were present, as seems probable, 
they were removed by the rhyolite. Somewhat to the east of this exposure 
(Pl. 1, fig. 3; Pl. 2, fig. 2), jagged contacts and xenolithic basalt bowlders 
may be seen. In Figure 2 of Plate 2 the large rounded bowlder on which 
the pick rests is of basalt, which has dropped a few inches out of the 
matrix of rhyolite. 


PSEUDO-DIKE OF RHYOLITE 


The basaltic ridge (PI. 1, fig. 2) drops lower and widens at the rear of 
the observer (toward the river), and at the river’s edge the cliff in the 
left foreground is composed of basalt (PI. 3, fig. 2). 

The cliff is cut by an irregular dike-like mass or pseudo-dike of rhyolite 
and mixed rock. This includes large amounts of nearly pure rhyolite, 
basalt blocks and fragments; and veins, seams, and bands of rhyolite, 
all enclosed in walls of basalt. Numerous nests of tridymite crystals are 
present. Some of the rhyolitic veins extend short distances into the walls. 
The main portion of the dike is 1 to 5 feet wide. At the top of the cliff 
it is nearly vertical and strikes at right angles to the river. A few feet 
lower, the strike is nearly parallel to the river, and the dip becomes less 
steep. Still lower, the strike swings back to about 45 degrees with the 
course of the river. All this is within a vertical distance of about 20 feet. 
At its lowest point a remnant of the rhyolite is plastered against the 
surface of a projecting nose of basalt that has been slightly undercut by 
the river. Vertically beneath this, numerous points of rock rising above 
the water, in what might be expected to be the downward continuation 
of the dike, are composed of basalt. 
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Several of these curious pseudo-dikes of rhyolite cut the basaltic cliffs 
at various places on the north (left) side of the river and will be described 
later. All of them disappear or become attenuated at about the base of 
the cliffs; none has been found in the nearly continuous exposures of rim 
basalt that bound the area on the north; and, though irregular injection- 
networks of rhyolite in basalt are common on the south side of the river, 
these more definite dikes are lacking on this side. They appear to have 
little extension in any direction. 


INCIPIENT ALTERATION OF BASALT BY RHYOLITE 


A sample of the basaltic wall rock cut by this dike was taken in 1930 
(Y. P. 512) and analyzed. It was supposed at the time to have the com- 
position of unaltered basalt. Instead, it has the composition of basalt 
to which rhyolitic material has been added. In 1934 another sample 
(Y. P. 948) was taken at a more carefully noted position: at the foot of 
the cliffs, a few feet above the river, and about 10 feet east of the nearest 
exposure of the rhyolite dike. The rock adjacent to the source of the 
sample was a uniform mass of basaltic appearance. If it has been affected 
by rhyolitic emanations, such emanations must have entered, not through 
definite channels, but by general permeation of a thick mass of solid rock: 

Another analyzed specimen that should be grouped with these two be- 
cause of analogous alteration by rhyolitic emanations (Y. P. 985) is from 
the right (south) bank of the river, about opposite the site of the last two 
(Pl. 5, fig. 1). The basalt here is part of the pre-rhyolite floor. No rhyo- 


Taste 3.—Analyses (per cent) of basalt metamorphosed at a distance from rhyolite 


2.36 1.95 2.35 2.16 
7.06 7.50 7.04 7.38 
0.12 0.13 0.13 0.12 
0.51 0.48 0.39 0.52 
0.18 0.08 0.21 0.09 
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Ficure 1. LooKING UPSTREAM (WESTERLY) 
From near east end of contact area. 


Ficure 2. LooKING DOWNSTREAM (EASTERLY) 
From west end of contact area. Basalt cliff in left foreground. 


Ficure 3. HEAD OF CASCADE OF GARDINER RIVER 
Near west end of contact area. Basalt in cliffs and in bed of stream. 


EXPOSURES OF BASALT AND OTHER ROCK ALONG RIVER GORGE 
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lite is now exposed adjacent to it, but the flow must have passed over this 
floor at some unknown height above the present erosion surface. 

Still another similarly affected specimen is Y. P. 918. In the cliff on 
the north side of the river near Station C, Fig. 1, the basaltic walls are 
cut by three pseudo-dikes of rhyolite, a few feet apart (Pl. 5, fig. 2). 
They show strange phenomena, which will be described later. At the 
top of the cliff the rhyolites of the two right-hand dikes (PI. 4, fig. 3) 
merge with a horizontal sheet of contaminated rhyolite. Specimen Y. P. 
918 was taken from the top of the basaltic wall that separates the dikes, 
and under the capping of rhyolite (just below A of Pl. 4, fig. 3). Table 
3 shows the composition of these four specimens. 

These analyses show compositions definitely different from those of the 
pure basalts. They represent basalts in the first stage of impregnation 
with rhyolitic material and contain about 13 to 16.5 per cent of rhyolite. 


COMPLEXES OF BASALT AND RHYOLITE 


The basalt in the foreground cliff (Pl. 3, fig. 2) continues across the 
river at the head of the cascade. On the opposite (south) bank at this 
place as illustrated (PI. 5, fig. 1, nearly opposite station B of the map), 
the trees on the right screen from view large exposures of homogeneous, 
structureless basalt, which is shown by the analysis of specimen Y. P. 985 
(taken here) to be somewhat modified in composition. The basalt extends 
back from the river in a long ridge. 

The bare portion of the cliff (Pl. 5, fig. 1) is an interesting complex of 
basalt and rhyolite. At the top of the bluff, 25 or 30 feet above the river, 
the rock is mostly rhyolite, but it contains many corroded xenoliths of 
basalt. Downward toward the river the proportion of basalt increases, 
though very irregularly. Some portions are essentially basalt, whereas 
others are rhyolite with basaltic xenoliths. At the water’s edge the rock 
is almost wholly basalt. Likewise, from left to right in the view the 
amount of basalt increases by transition into the massive basalt of the 
ridge. In simplest terms, the ridge at the right (in the grove of trees) 
is a uniform mass of slightly modified basalt, whose left flank has been 
penetrated by a complex of irregularly ramifying and intersecting veins 
of rhyolite. This grades off to the left and above into nearly pure rhyolite. 
The veins range in width from about a foot to minute dimensions. 

In this complex, the veins of pure rhyolite that intersect blocks (large 
or small) of little-altered basalt are easily distinguishable. However, 
many veins contain a multitude of partly disintegrated inclusions and 
become darker, and, on the other hand, some of the inclusions are thor- 
oughly soaked with rhyolitic material and become lighter. This con- 
dition holds, not only at this exposure, but at practically all exposures of 
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this type in the area. Thus, difficulty is sometimes found in deciding 
whether certain rocks represent rhyolite filled with disintegration prod- 
ucts or basalt that has been soaked with rhyolite and transformed into a 
modified rock without having lost its solid framework. Familiarity with 
the phenomena is acquired by careful study and scones a determination 
possible in most cases. 

The uniform impregnation of solid basalt with rhyolite is regarded by 
the writer as one of the most important features of these contacts. Evi- 
dence of the first steps of the process has been given by showing the 
modification of compesition of masses of basalt at a distance from rhyolite 
contacts (Table 3). Further evidence will be developed. Exposures 
will be described in which greatly modified basalt rests against rhyolite 
with a sharp contact, or in which sharply bounded, angular xenoliths of 
modified basalt are engulfed in rhyolite. Many xenoliths contain a kernel 
of little-changed basalt that grades into the hybrid rock that surrounds 
them. For the present, the term “xenoliths of basalt” in the descriptions 
should be understood to apply not only to unmodified z:ock but to basalt 
that has been changed to a greater or less degree but which shows by the 
features mentioned that the xenoliths represent solid inclusions rather 
than contaminated rhyolite. Inclusions of this character are almost uni- 
versally present in these complexes. Often only slightly altered inclu- 
sions lie close to others that are greatly modified. 

Downstream from these exposures (Pl. 5, fig. 1), and in direct con- 
tinuation with them, the bluffs on the river bank are made up of mixed 
rocks similar to those described. Basalt is intimately and intricately 
penetrated by rhyolite. Some of the rhyolite injections are large. The 
veins continue downward below water level, though in diminished quan- 
tity. Out in the channel, however, small ridges and projections are mostly 
basalt. 

A little farther downstream, a point of rock which juts out (PI. 3, fig. 2, 
nearly opposite Station C) was studied in considerable detail (Pl. 4, 
fig. 2). The exposure designated 1 in the figure is mixed rock, contain- 
ing a large amount of rhyolite in its upper portion and more xenoliths 
below; 2 is thoroughly injected, contaminated, and hybridized rock; 3 is 
similar, in part an irregular mixture of basalt and rhyolite and in part 
thoroughly hybridized (soaked); 4 is mostly basalt; 5 is basalt pene- 
trated by small, irregular, random seams of rhyolite; 6 is again thoroughly 
mixed rock, but rather more basaltic than the mixed rocks above; 7 
seemed to be wholly basalt; 8 is mostly basalt, but with a few threads 
of rhyolite and some hybrid mixture. 

The exposure as a whole is notable for the horizontal and vertical 
irregularities of distribution of injected and hybridized rocks. 
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To the right of band 2 and a few feet higher (outside of the picture but 
appearing in Figure 2 of Plate 3) is nearly pure rhyolite with few xeno- 
liths. 

The occurrence of large amounts of rhyolite on the top of the bench 
here is characteristic of this vicinity for a considerable distance up and 
down the river. It is believed to represent the free-flowing body of 
rhyolite, whereas the irregular mixtures lower in the cliffs represent pene- 
tration of rhyolite from the main body downward, or horizontally inward 
from the channel that lay about where the river now lies. Since the 
exact position of this channel is uncertain, it is not possible to state how 
far the veins and seams of rhyolite penetrated. The character of the 
veins, however, demonstrates that the rhyolite was highly mobile. In 
other places there is good evidence that veins of rhyolite penetrated solid 
basalt for many feet. 

The relations at this locality between rhyolite and basalt are neces- 
sarily those of the final stage of reaction. They show that the basaltic 
mass had been penetrated by many veins of rhyolite and that small blocks 
had become detached and carried up into the rhyolite. If, at a previous 
stage, while the flow of rhyolite was passing, portions became similarly 
detached, they were swept away by the current. The basaltic surface 
may have been considerably eroded in this manner. 


DEVELOPMENT OF PLATY STRUCTURE 


As shown in several of the photographs, many masses of rock have a 
horizontal platy structure. This is characteristic of much of the modified 
basalt and of the mixtures of basalt and rhyolite. It does not seem to 
have been present (or was very poorly developed) prior to the action of 
the rhyolite. The unmodified rim basalt has, in places, a columnar or a 
blocky structure (Pl. 1, fig. 1); in other places it is nearly structureless. 
These features are quite different from the platy structure (PI. 5, figs. 2 
and 3). 

Neither the columnar nor the blocky structure sometimes present in the 
unmodified basalt nor the platy structure of the modified basalt seems 
to have had much influence in guiding the entrance of rhyolitic material. 
The walls of basalt cut by the pseudo-dikes that have been described 
have now a platy structure, but, though the composition of these wall 
rocks has been changed by impregnation with rhyolitic material (as 
shown by analysis of specimens Y. P. 512, Y. P. 948, and Y. P. 918), the 
rhyolite did not gain access by definite channels, such as would have 
been offered by the platy structure if present at the time, but by a gen- 
eral soaking of the mass. 
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Where the rock is cut by a network of definite veins of rhyolite, as ap- 
pears in many exposures, the veins might be expected to show some rela- 
tion to the platy structure that is now so prominent, or to a previous 
columnar or blocky structure. There is little evidence of this. 

In some of these exposures certain layers are more injected with veins 
than others above and below them, but even where this layered aspect 
is present, the veins within the layer lie in random directions, and the 
injected layer is no more platy than the associated non-injected layers. 
In general, the veins of these networks are very irregular, and little direc- 
tive influence in the mode of entrance of rhyolite is apparent. 

In several places in the area, basalt underlies masses of impregnated 
rock so that it seems to represent basalt that lay below the limit of im- 
pregnation. Such rock appears nearly structureless. From all the evi- 
dence, the platy structure of impregnated rocks seems to be the final 
result in some way of the basalt having been greatly heated from a cold 
condition, injected with rhyolite, and cooled again. In many places the 
rhyolite also has a platy structure, and where rhyolite is in contact with 
veined basalt or “soaked” rock the fractures, in the great majority of 
instances, pass across contacts without deviation. 


ANALOGY TO GRANITIZATION 


The penetration of basalt by rhyolite veins, and the replacement of 
solid basalt by rhyolite, are suggestive of the process by which plutonic 
batholiths have effected granitization of roof and wall rocks. Attention 
is here called to the resemblance so that it may be kept in mind as other 
occurrences are described. 

Differences of opinion exist among geologists as to the manner in which 
granitization has been accomplished, and even its actuality has been 
questioned. Among those who accept it, many believe that late hydro- 
thermal solutions have been the transporting medium, rather than the 
magma itself or vapors given off during the magmatic stage. 

In the Gardiner River area the relations that are so plainly revealed 
hardly permit doubt that the effects were accomplished at a high-tempera- 
ture, truly magmatic stage. According to generally accepted views re- 
garding the properties of rhyolites, it is difficult to understand how a sur- 
face flow could produce such effects, but their reality is unquestionable. 
The writer believes that the properties of rhyolites are dependent in great 
measure upon the amount of volatiles they contain. Ordinarily they lose 
most of their volatiles during extrusion or soon afterward, and the be- 
havior of these has been regarded as typical of rhyolites, but, for some 
reason, little understood, certain of them seem to have retained their 
volatiles for a longer period, and these have behaved differently. The 
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actual effects in the Gardiner River area should help in understanding 
the analogous effects accomplished by plutonic intrusions. 


OTHER PSEUDO-DIKES OF RHYOLITE 


On the north (left) bank of the river, opposite the exposures that show 
the network of rhyolite veins in basalt (PI. 4, fig. 2), the cliffs are inter- 
sected by three nearly vertical pseudo-dikes of rhyolite. (Pl. 4, fig. 3; 
Pl. 5, fig. 2; close to station C of the map). Nothing resembling these 
three strong dikes was seen on the opposite bank. 

The dikes shown in the photographs consist of fairly pure rhyolite. 
The platy wall rock is basalt, of uniform appearance, though probably 
modified in composition. 

Curious phenomena are associated with these dikes. The writer has 

been unable to find a wholly satisfactory explanation of some of their 
extraordinary relations. 
» At the top of the cliff (Pl. 4, fig. 3) the two rhyolite dikes merge by 
expanding laterally and form a horizontal band. In this expanded por- 
tion the rhyolite is much contaminated. Pure rhyolite is present, but 
associated with it is much basalt, greatly modified in composition. The 
extension of this band (A) to the right is concealed within a short dis- 
tance, but to the left it can be followed to the place where the top of the 
third dike of this group appears (PI. 5, fig. 2), and it merges with this 
also. 

The horizontal band (A) is about 4 feet thick. Much of the contam- 
inated rhyolite is porous and contains crystals of tridymite. 

This band is capped abruptly by a ledge of basalt (B) 6 feet thick, 
exposed for 15 to 20 feet horizontally (Pl. 4, fig. 3). The lower 4 feet 
is uniformly of basaltic appearance; the upper 2 feet contains a few small 
stringers of rhyolite. This in turn is covered abruptly by another band 
(C) of platy, contaminated rhyolite. Some of this is nearly pure, and 
other portions are modified basalt. As usual, many of the basalt xeno- 
liths are corroded in contact with rhyolite. One band of rhyolite in the 
lower portion of (C) has a horizontal extension of about 10 feet. 

This band (C) of contaminated rhyolite is exposed over an area of 
gentle slope that runs back (northerly) 15 to 20 feet and rises 5 or 6 feet. 
In the higher part of the exposure rhyolite greatly predominates, but 
xenoliths and hybrid rock are still important. Northerly from this ex- 
posure a soil-covered interval, 35 to 40 feet wide, is followed by masses 
of rhyolite with flow banding, showing little contamination. Nearby, 
thinly platy, sharply plicated rhyolite crops out. 

The bands (A, B, and C) are exposed in direct contact with each other. 
A curious and perplexing feature is the merging of the three vertical dikes 
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of nearly pure rhyolite with a horizontal band of contaminated rhyolite 
under a capping of solid basalt. 

At the bottom of the cliff the left-hand dike (Pl. 4, fig. 3) shows 
other interesting relations. It is composed of rhyolite containing xeno- 
liths. In its lower portion it is split by a large horse of basalt, and 
a branch extends downward to the left. An accumulation of talus, per- 
haps 8 feet high and 15 feet wide, conceals the foot of the cliff. At the 
river’s edge and out in the stream are little ridges and pinnacles of rock 
in place that should intercept a prolongation of the dike. A great deal 
of this was examined. A little rhyolite and mixed rock were found, but 
the dike seems to have become much attenuated. 

The small dike (Pl. 4, fig. 3) displays a similar tendency to play out 
at the bottom. Near its lower end it is 34% feet wide; a horizontal shelf 
of basalt juts out abruptly from the wall into the dike and nearly cuts 
it off, but a 6-inch stringer of rhyolite continues downward on the left side 
for 4 feet to where it is concealed by talus. This little prolongation twists 
around as it goes downward, and at the bottom it strikes nearly parallel 
with the river. 

The third dike of this group (PI. 5, fig. 2) is also strong but it seems 
to have become much weaker as it extends below water level. 

The writer has considered the possibility that these and other similar 
dikes in the area might be the channels through which the whole mass 
of rhyolite rose from the depths, but detailed examination makes this 
seem impossible. The dikes may represent clefts that were present in 
the cliff face before the rhyolite flow occurred, but some of their features, 
especially the ledge of solid basalt overlying them, are difficult to ex- 
plain. 

Several specimens of the rocks of this association have been analyzed. 
One of these, Y. P. 918, was from the top of the basalt that forms a wall 
between the two dikes (PI. 4, fig. 3) just under the capping of contam- 
inated rhyolite (A). The analysis of this, given in Table 3, shows that 
the basalt, although of uniform appearance, has been soaked with rhyolite. 
Y. P. 925 is from a large, sharply bounded xenolith of basalt enclosed 
in the rhyolite of the left-hand dike (PI. 4, fig. 3), at the foot of the cliff. 
It has small phenocrysts in a fine, even-grained, uniform gray ground- 
mass, and its appearance is readily recognizable as unlike that of un- 
metamorphosed basalt. The specimen can hardly be regarded as any- 
thing but a xenolith of basalt, modified in composition by immersion in 
rhyolite while retaining its solid form. 

Other analyzed specimens from these exposures are the following: 

Y. P. 514 is modified basalt, similar to Y. P. 925, from one of the 
complexes of rhyolite and basalt at the top of the cliffs. 
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Ficure 1. At HEAD OF CASCADE 
Basaltic ridge hidden by trees at right; complex mixture of basalt and rhyolite 
at left. : 


Ficure 2. CLIFFS ON NORTH BANK 
Pseudo-dikes of rhyolite in basalt. 


Ficure 3. View DOWNSTREAM FROM HEAD OF CASCADE 
Cliffs of platy structure, composed of varying mixtures of basalt and rhyolite. 
Relations complex, but basalt prevails at base, and mixed rock and rhyolite above. 


PSEUDO DIKES AND PLATY STRUCTURE 
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Ficure 1. MAss OF GREATLY MODIFIED BASALT 
Underlain by rhyolite. Dotted line indicates contact between much metamorphosed 
: basalt (above) and flow-banded rhyolite (below). 


Ficure 2. Cave 
Penetrating a veneer or rhyolite into a mass of injected and modified basalt. 


Ficure 3. CLIFFS OF VARIOUSLY MODIFIED ROCK 
In upper part of canyon. 


CORROSION AND INTIMATE INJECTION OF BASALT 
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Y. P. 909A and Y. P. 909B are two portions of an unusual variegated 
specimen, from near the same place. Specimen 909A is reddish brown, 
minutely porous, and contains much tridymite. The appearance suggests 
modification of the basalt by locally intense pneumatolytic action. Speci- 
men 909B represents another portion which has the more usual appear- 
ance of modified basalt. 

Specimen Y. P. 914, of which an analysis has been given in Table 2, 
was collected at this locality, but it should not be grouped with the rocks 
of the following table, for these illustrate modification of basalts, while 
Y. P. 914 is rhyolite. It is an unusually pure portion of the hetero- 
geneous mixture in layer A at the top of the dikes. Plication of its bands 
indicates flowage. 

The analyses of Y. P. 543 and Y. P. 467 are included in the table. They 
are not from this locality, but from the complex of mixed rocks on the 
opposite side of the river that has been described. As representing basalts 
modified by uniform impregnation with rhyolite they are closely allied 
to the others. It should be emphasized that all these specimens are of 
rocks that were originally basalts and have been changed in composition 
by substitution of rhyolitic material for basaltic. They are not basalts 
veined with rhyolite nor are they rhyolites filled with disintegration 
residues from basalt. 


TaBLe 4.—Analyses (per cent) of basalts modified by impregnation with rhyolitic material 
Y. P. 026 Y. P. 614 Y. P. 900A Y. P. ‘Y: P: 543° Y. P. 


57.88 58.98 61.00 63.86 65.20 66.84 
AlsOs........ 15.11 14.76 14.52 13.88 13.85 13.84 
pi SSPaarare 1.18 1.13 1.00 0.88 0.72 0.67 
Ly as 0.16 0.15 0.14 0.13 0.12 0.15 
ee 1.62 2.43 3.27 2.38 1.51 1.88 
FeO.... 6.40 5.47 3.71 3.54 3.96 3.26 
Mh elie. 5.28 6.92 4.18 3.39 3.16 2.53 
ft ern 7.18 5.02 5.97 5.06 4.73 4.19 
GOs 0055500 3.09 2.90 3.20 3.30 3.10 3.20 
Se 1.56 1.94 1.98 2.62 2.95 3.24 
EE 0.11 0.09 0.08 0.07 0.06 0.04 
H,O-+....... 0.71 0.44 0.50 0.55 0.60 0.53 
H,0-. 0.08 0.19 0.29 0.28 0.16 0.09 
n.d. 0.03 0.01 0.04 0.00 n.d. 

“TOM <)5..:5:. 100.36 100.45 99.85 99.98 100.12 100.46 


These analyses demonstrate that large amounts of basaltic material 
have been replaced by rhyolite. In Y. P. 925 rhyolite forms 30 per cent, 
and in Y. P. 467 it is 65 per cent. 
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The compositions of all analyzed specimens have been plotted (Fig. 2). 
This will be discussed more fully, but a preliminary inspection will show 
the important feature that the constituents of all analyses fall almost 
exactly on straight lines from basalt to rhyolite. 


IMPREGNATION OF MASS OF BASALT; UNDERCUTTING BY RHYOLITE 


An impressive demonstration of the metamorphism of a great mass of 
basalt is seen on the north side of the river, at the east end of the contact 
area (Pl. 6, fig. 1). The basaltic mass is nearly 100 feet long. The 
height of the cliff is about 40 feet. Station F of Figure 1 is at the top 
of the cliff, near the center of the view. 

Apart from metamorphism of the basalt, the situation of the mass with 
respect to the rhyolite is a strange feature. Although the basalt has been 
much modified in composition, it doubtless represents a single coherent 
mass overlying the rhyolite and jutting out as a shelf from the body of 
unmodified rim basalt. At the top of the cliff the same modified basalt 
is clearly exposed over an area 20 or 30 feet broad. A few feet farther 
back the rim basalt crops out (Source of Y. P. 1025). The relations of 
the various masses are plain, but there is a question as to how they were 
brought about. 

Cliffs of basalt that project over a recess from which erosion has re- 
moved softer rock are common landscape features, and one might sup- 
pose that in this occurrence such a recess has been filled by rhyolite, but 
that is hardly possible. Probably no easily eroded material was ever 
present in the place now occupied by rhyolite; rather is it to be supposed 
that the basalt originally extended many feet lower. The convex base of 
the outjutting mass also negates the idea. 

The most probable theory is that the rhyolitic flow itself removed 
basalt and undercut the mass. The phenomena at the bottom of the basalt 
support this explanation. Small blocks have become detached and settled 
a few inches or fractions of an inch in the rhyolite. Others are so nearly 
surrounded that they seem ready to drop. The mass of rhyolite itself 
contains bowlders and smaller xenoliths of basalt, but foreign material is 
not plentiful except just below the contact. Naturally only the penulti- 
mate effects in a stiffening body of rhyolite are preserved. 

The lowest part of the contact is several feet above the head of an 
observer, and the vertical cliff is not readily scaled except at one place 
where a cleft permits easy access. Here the relations at the contact and 
for several feet above were examined in detail. The contact is irregular 
on a small seale, but regular on a large scale; it is so sharp and well 
defined that a knife edge might be drawn along it. For several inches 
below the contact the rhyolite contains many angular xenoliths. Little 
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veins of rhyolite also extend upward into the basalt, and portions of basalt 
have become almost freed. 

The overlying mass is basalt, in various degrees of modification, mixed 
with rhyolite veins that penetrate it and ramify through it in the most 
intricate manner, without system or pattern. Some of the basalt appears 
almost unchanged in composition, whereas other parts are lighter in color 
and evidently much metamorphosed. Remnants of almost unchanged 
basalt (angular or rounded) are separated from rhyolite by a broad zone 
of modified basalt; or little-modified basalt, greatly corroded and of very 
irregular form, is in direct contact with rhyolite. Some of the veins of 
rhyolite are filled with fine fragments of disintegrated basalt. Basalt, 
in its modified and unmodified phases, is dominant, but a great quan- 
tity of rhyolite has penetrated the mass as veins or by soaking into it. 
The same phenomena are visible in loose blocks and slabs that have 
dropped from the cliff and have accumulated as a large talus pile at its 
foot, and they are to be seen also at the top of the cliff. The whole mass 
has undoubtedly been affected in the same manner. 

The evidence of attack upon this mass leads to a question as to the 
quantity of basalt that the rhyolite flow carried away from the pre- 
rhyolite valley. Possibly it was so great that the form of a previous 
gorge or gully was much altered and its dimensions increased by dis- 
integrative action of the rhyolite flood. 

A specimen, Y. P. 980, of the basalt at the contact was analyzed. It 
includes rhyolite with xenoliths below and modified basalt above. The 
two are sharply separated. The modified basalt of the specimen is of 


Taste 5.—Analysis (per cent) of basalt 
greatly modified by contact with rhyolite 


Y. P. 980 
67.51 
3.55 
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uniform appearance, fine, even grain, and medium gray. This was the 
portion analyzed. If its history were not known, one would not surmise 
that it had ever been basalt. The results of the analysis are given in 
Table 5. 

The analysis shows that the specimen now contains about 68.5 per cent 
of rhyolitic material. 


OTHER SIGNIFICANT FEATURES 


Up-river from the mass of metamorphosed basalt just described 
(westerly from station F), the cliffs were studied (Pl. 2, fig. 1). For 
some distance a continuation of the rhyolite that underlies the basalt 
(Pl. 6, fig. 1) forms the face of the cliff. One then comes to a cave (PI. 6, 
fig. 2). At the entrance, the cliff face is of rhyolite, containing bowlders 
of basalt. Flow banding is well developed, some of it highly inclined or 
nearly vertical. 

Within the cave, a large pile of slabs that have dropped from the roof 
is composed principally of mixed and impregnated rock, and the roof 
itself, which is much higher than the arch at the entrance, is made up of 
the same rock. The rhyolite that forms the outer face of the cliff appears 
to be like a curtain over a mass of impregnated basalt. The relations 
seem to demonstrate clearly the ability of riyolite to send veins into 
basalt and impregnate it for a distance of several feet at least, and per- 
haps much more. On the high bench above the river, similarly impreg- 
nated basalt is exposed over a surface about 40 feet wide (between E 
and F, Fig. 1). 

Near Station E (Fig. 1) the base of the cliff contains other caves. A 
ridge or protuberance of basalt, apparently part of the fundamental floor, 
here projects upward into the base of the rhyolite to about 10 feet above 
the river. A shell of greatly mixed rock intervenes between this and a 
mass of rhyolite with occasional xenoliths of basalt, which extends to the 
top of the cliff. The basalt of this protuberance is massive rather than 
platy or blocky. 

Westerly, the rhyolite drops again below water level. Inclusions of 
basalt are more numerous, and a bowlder of basalt and mixed rock, 
several feet in diameter, is entirely surrounded by rhyolite. 

In the westward continuation of the cliffs (Pl. 6, fig. 3), rhyolite forms 
the upper face, whereas basalt and impregnated rock prevail at the base. 
At several places between E and C (Fig. 1) large upward bulges of basalt 
and mixed rock, seen in section in the cliff face, rise in wavelike ridges for 
many feet above the water, while elsewhere rhyolite descends below water 
level. Mixed rock, containing many distinct veins of rhyolite, often inter- 
venes between basalt and rhyolite. A common facies of alteration is a 
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PHOTOMICROGRAPHS 
Showing injection of rhyolite in basalt, with attendant corrosion of basalt and scattering of its débris 
in rhyolite. In Figures 1 and 4 large phenocrysts of basaltic feldspar have been transformed into 
alkaline feldspar. In Figure 2, darker portions are remnants of “‘soaked”’ basalt. Plain light. X 20. 
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POLISHED SPECIMENS 


Showing penetration of rhyolite veins in basalt, and corrosion and disintegration of basalt. 
X 0.7 to 0.95. 
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uniform, light-gray matrix of modified basalt, enclosing large and small 
“islands” of less altered rock. 

The bulges of the basaltic floor under the rhyolite seem strange forms 
to have been produced by normal stream erosion at the bottom of a 
narrow, steep-walled canyon. A more probable view is that a previous 
surface of basalt was disintegrated and modified by the flood of rhyolite. 
An arrested stage of the process appears to be visible in the shells of im- 
pregnated and injected rock that lie between basalt and rhyolite, and in 
the bowlders and smaller xenoliths of basalt enclosed in masses of rhyolite. 

Several pseudo-dikes cut the basalt of these cliffs. Like others de- 
scribed, they fray out at about water level. A small one pinches in its 
lower portion and ends about a foot above the river. 

The relations here described are found in the vertical cliffs that form the 
north bank of the river in the lower and middle parts of the canyon. On 
the opposite (south) bank other interesting phenomena occur, but, though 
they differ in detail from those described, their general character is 
similar. In places, the larger masses of rhyolite are quite pure; elsewhere 
they contain many bowlders of basalt. Some of the rhyolite shows 
plicated banding. Tridymite-bearing vesicles are numerous. The basalt 
is corroded, intricately penetrated by veins, and soaked with rhyolite. 
Brief mention may be made of a bold projection (left side, Pl. 6, fig. 3). 
The downstream face is mostly rhyolite. The upstream face is basalt, 
intersected by an intricate pattern of rhyolite veins that ramify from a 
large, irregular mass of vesicular rhyolite that descends vertically between 
the knob and the basalt of the adjacent high bank. The basaltic core of 
the knob appears to represent an isolated column, which may have been 
fashioned by rhyolitic attack. 


PHOTOGRAPHIC ILLUSTRATIONS OF STRUCTURES AND TEXTURES 


Plate 8 represents typical examples of injection of rhyolite into basalt, 
with attendant corrosion, such as may be found everywhere in the in- 
jected contacts. The patterns of injection in the rocks of the area are of 
infinite variety in detail, but they may all be regarded as variations of a 
few processes: injection of distinct rhyolite veins, uniform soaking of 
basalt, and disintegration of basalt in rhyolite. All exposures of mixed 
and impregnated rock are full of examples of these processes. 

The photographs, with the descriptions already given, are self-explana- 
tory and require no further comment except to say that uniformly soaked 
rocks hardly lend themselves to photographic illustration, and therefore 
no examples are given. Such specimens show only a light-gray surface. 

Plate 7 shows in detail the micro-textures that result from the inter- 
mingling of basalt and rhyolite, the great irregularity of the contact 
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between the two, the disintegration of basalt, and the strewing about of 
its débris. Certain aspects of these will be considered later. ; 

The rhyolitic magma that produced the corrosive effects described 
and illustrated evidently bore little resemblance to the kind of rhyolite 
called for according to the theory of crystal fractionation. In fact, there 
is hardly basis for comparison and discussion of their incompatible proper- 
ties. The outstanding characteristic of the Gardiner River rhyolite was 
its ability to attack basalt with great vigor, whereas the outstanding 
characteristic of the rhyolite formulated in the theory of crystal fractiona- 
tion, as a necessary result of the method of origin ascribed to it, is its 
inability to attack basalt (Bowen, 1928, pp. 184-221, especially p. 198). 


CHEMICAL ANALYSES 


Descriptions given indicate the character of most of the analyzed speci- 
mens. Four of the analyses are of unmodified basalts. Two are of rhyo- 
lites that are as nearly pure as it seemed possible to obtain specimens, 
though they may be slightly contaminated, since rhyolites entirely free 
from xenoliths are almost unobtainable. In the analyzed samples, any 
obvious impurity was rejected. Of the remaining analyses, all but Y. P. 
505 have been described. They are examples of different degrees of uni- 
form metamorphism or “soaking” of solid basalt; in other words, they are 
rocks from which a portion of the basaltic constituents has been removed 
and their place taken by rhyolitic constituents. Y. P. 505 was selected 
as an example of liquid rhyolite in which disintegrated remnants of basalt 
had been strewed about. Since the compositions of “soaked” rocks lie on 
straight lines between basalt and rhyolite, it was to be expected that 
when the process was carried further, and minute remnants were included 
in rhyolite, the same relation would hold. This expectation is fulfilled. 

All analyses have been assembled in Table 6. In Figure 2 the compo- 
sitions are plotted after deducting the volatiles and minor constituents, 
such as CO., H,O, P.O;, and MnO; FeO is recalculated as Fe,O;, and 
the remainder brought to 100 per cent. 

The manner in which the indicative points of the analyses fall on 
straight lines, as shown, is remarkable. It means that basaltic con- 
stituents, in whatever minerals combined, were carried away in such pro- 
portions that the residues, mixed with the rhyolitic material introduced, 
gave arithmetic means of the two rocks. With few exceptions, the varia- 
tion of any constituent from the appropriate line is less than 0.2 or 0.3 per 
cent. This will receive further discussion. 

The specimens of modified basalts that these analyses represent were 
not exceptional but were selected as being typical. An unlimited number 
of others, of similar degrees of modification, are readily obtainable. 
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Probably examples might be found that are even more rhyolitic in com- 
position than the most rhyolitic of these. 


PRELIMINARY DEDUCTIONS 


From the description of the field relations, from the photographs of 
structures and textures of specimens, and from the chemical analyses, 
several conclusions may probably be regarded as established. They may 
be summarized as follows: 

A flow of mobile rhyolite came into contact with an underlying mass of 
basalt and attacked it vigorously. Veins and dike-like injections entered 
the basalt and formed networks that ramified through it probably for 
many feet. The basalt was severely corroded and disintegrated. Portions 
near the veins or dikes or overlying masses of rhyolite underwent a trans- 
formation, while retaining a rigid structure; their constituents were re- 
moved in part, and rhyolitic material was substituted. Rocks whose 
compositions lie on straight lines between rhyolite and basalt resulted. 

The strange relations indicated might be left at this point, for the con- 
sideration and interpretation of geologists, without an attempt at explana- 
tion, but this would doubtless be regarded as unsatisfactory. In what 
follows, therefore, further evidence will be presented in an endeavor to 
deduce a partial explanation, at least, of the processes by which the 
results have been brought about. 


MINERAL COMPOSITION OF BASALTS AND RHYOLITES 


The four analyzed specimens of unmodified basalt are almost identical 
in composition and appearance. They are dark gray, dense rocks of even 
texture. The thin sections show grains of olivine, pyroxene, and iron ore, 
and laths of basic plagioclase. There is only a slight tendency to flow 
structure. No apatite is detectible. There is little approach to porphy- 
ritic development, although a few crystals of all the minerals are larger 
than the average. 

Olivine is conservatively estimated at 5 to 10 per cent but because of 
its resemblance to pyroxene no precise figure can be given. 

All the minerals are fresh and they are large enough to be easily dis- 
tinguishable. The sections have been searched unsuccessfully for micro- 
pegmatitic textures or other evidences of quartz. This is of some im- 
portance, for the theory of crystal fractionation indicates that quartz 
should be present in rocks that have the chemical composition of these 
basalts and at the same time contain olivine. The norms of specimens 
Y. P. 1025 and Y. P. 969 have been calculated according to the C. I. P. W. 
system, to see how nearly SiO, satisfies the requirements of feldspars and 
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metasilicates, without olivine being considered. In Y. P. 1025 the de- 
ficiency of SiO, is 0.95 per cent and in Y. P. 969 0.22 per cent—almost 
negligible quantities. A fundamental premise of Bowen’s theory of mag- 
matic evolution is that if olivine separates in excess of the amount 
stoichiometrically indicated, as it does here, a corresponding amount of 
silica should be set free. 

“The early separation of olivine in excess of its actual stoichiometric proportions 


necessitates the late formation of free silica, if for any reason . . . the olivine fails of 
complete reaction.” (Bowen, 1928, p. 71.) 


These basalts show no evidence of meeting this requirement. The hypo- 
thetical excess of silica may have combined with FeO and gone into the 
pyroxenes. The supposed necessity for the formation of free silica is 
negatived by the actual results. There is no apparent reason why a 
similar course of crystallization should not be common. 

Although it does not seem probable that crystal fractionation was the 
means by which the rhyolite of the contact area was derived from basalt, 
evidence will be given tending to show that the rhyolitic and basaltic 
magmas were closely related. 

Several petrologists have urged the idea that basalts may be divided 
into two groups or magma types. Kennedy (1933, p. 239) has designated 
these as olivine basalt magma and tholeiitic magma and believes that 
each gives rise to a series of distinct differentiates. Without discussing 
the subject at length, the writer would point out that the characteristics 
of the Gardiner River basalts do not permit satisfactory grouping with 
either type. They occur under conditions that seem to ally them with 
Kennedy’s tholeiitic magmas (plateau basalts) but contain large amounts 
of olivine, which should be very subordinate in the tholeiitic type. 
Neither the quartzo-feldspathic residuum supposed by Kennedy to be 
characteristic of tholeiitic basalts nor the alkaline residuum of olivine 
basalts can be identified, nor do they give rise to intermediate magmas 
of any kind, for a remarkable feature of the latest igneous epoch in Yellow- 
stone Park is that great floods of basalt and rhyolite were poured out 
alternately without intermediate magmas.* 

In chemical composition, the Gardiner River basalts are again out of 
accord with Kennedy’s types. In some respects they resemble one type, 
and in other respects the other. 

Since these basalts have been modified or metamorphosed by the in- 
troduction of rhyolitic material, it has been thought important to investi- 
gate what happened to the basaltic minerals during this process. The 


1 This lack of intermediate magmas is a serious difficulty that the theory of crystal fractionation 
has to meet. 
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first step was to determine the optical constants of the minerals of the 
unchanged basalts, for comparison with those of modified basalts. In- 
asmuch as the olivine and pyroxene might be confused in a powdered 
sample, it was thought best to eliminate olivine, in this line of attack, and 
confine the attention to pyroxene and feldspar. 

A powdered sample of Y. P. 1025 was digested with strong, hot HCl, 
and then with strong, hot NaOH solution. Thus olivine was decomposed, 
and the residue of amorphous silica was removed. The remaining 
minerals became fairly well separated. 

The feldspars showed only a little variation in their indices. Most 
grains had a = 1.562, 8B = 1.569, y = 1.573 to 1.575, corresponding to 
about Abs, An;2. Pyroxene grains gave a = 1.690, B = 1.707, y = 1.725. 
The optic figure was considerably curved, positive. No quartz was detecti- 
ble in the residues. Grains of iron ore were present. Some seemed to be 
slightly translucent and brown in transmitted light, perhaps indicative 
of ilmenite. 

These results will be compared with those from modified basalts. 

The rhyolites of the area are either dense or vesicular (vuggy). They 
consist essentially of alkali feldspar, quartz, and tridymite. The first 
two occur as a few phenocrysts in a fine-grained groundmass of the three. 
The phenocrysts of feldspar are not twinned, but their minimum index is 
1.525, corresponding to albite. 

In the groundmass, quartz areas reach a fair size, not as phenocrysts 
but as patches of irregularly intergrown grains. Most of the groundmass 
quartz is minute. Tridymite in the groundmass also is in minute crystals. 
Both minerals are abundant. The feldspar of the groundmass is in such 
tiny crystals and is so intergrown with the other two minerals that only 
the fact that its index is close to 1.525 could be determined. The analyses 
show large amounts of potash and soda, which may be present in soda- 
bearing orthoclase or potash-bearing albite or both. Occasionally the 
groundmass shows an approach to spherulitic crystallization. 

Tridymite lines numerous vesicles, and the plates are visible mega- 
scopically. In many vesicles are a few dark crystals, which were probably 
originally olivine but are now oxidized to hematite. In one specimen, 
vesicles in rhyolite veins cutting basalt contained platy crystals of rec- 
tangular outline that were large enough to be picked out individually with 
tweezers. One index was a little less, and the other a little greater, than 
1.525. Extinction was strictly parallel to sides. They were probably 
orthoclase or natrosanidine. 

Little crystals of zircon, though not important quantitatively, are often 
present in the rhyolites. 
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MODIFIED BASALTS 


An attempt to analyze the problem of the modification of basalt by 
rhyolite will be made, in order to deduce requirements that must be met 
for its explanation, and then the available evidence will be presented. 

An outstanding feature of the altered basalts, shown in field relations, 
in hand specimens, and in microscope slides, is that the transformations 
they experienced went on without significant increase of volume. The 
rocks remained rigid, without distortion, while certain basaltic con- 
stituents were carried away, and certain rhyolitic constituents were 
added. 

In the first stages of modification the basalt has been so little altered 
that, megascopically, it still looks like basalt, although of different ap- 
pearance from the basalt of the rim rock. In these slightly modified 
basalts, thin sections show a few small phenocrysts of quartz and alkali 
feldspar. The quartz does not appear abnormal, but the feldspar has a 
minutely “wrinkled” look. A vague appearance of zoning and twinning 
suggests that it has replaced basic feldspar. As the quantity of rhyolite in 
the rock increases, phenocrysts of quartz become more numerous, but the 
chief change is in the groundmass, in which silica minerals and alkali 
feldspar take the place of original constituents of the basalt, finally be- 
coming preponderant. 

To explain this process is difficult. The chemical analyses show that 
the compositions are such as would result from a mechanical mixture of 
basalt and rhyolite. If basalt became disintegrated in rhyolite magma, 
and the particles were strewed through the liquid, without chemical modi- 
fication, similar results would be obtained. In the Gardiner River modi- 
fied basalts, however, the changes were effected in solid rock. Some of 
the analyses are of wall rocks at a distance from rhyolite, and some are 
of xenoliths engulfed in rhyolite. There are, in reality, two problems 
involved, which may be put as questions. How did the rhyolitic material 
gain access to the interior of these rocks, and why did the substitution of 
rhyolitic material for basaltic maintain a linear relation? 

Rhyolite might soak into the minute interstices of a basalt and give a 
slightly modified composition, but ordinarily the process would soon stop. 
For its continuation, a migratory movement or current would be required 
that would carry away basalt and substitute rhyolite; and for this a 
driving force or head is necessary. It is difficult to conceive of anything 
corresponding to a head in relation to a solid object engulfed in a liquid. 
Rhyolite resting upon a floor of basalt would have something of a head, 
but in order that a current should continue, an exit at a lower level would 


be required. 


i 


1472 C. N. FENNER—CONTACT RELATIONS ON GARDINER RIVER 


To explain continuous passage of liquid through the rocks under the 
given conditions seems to amount almost to an impossibility. The writer 
considers as an alternative the idea that the solution and removal of 
basaltic constituents were effected by pneumatolytic vapors given off by 
the rhyolite. The mechanical difficulties would then be greatly lessened. 
The vapors would be urged forward by a high pressure at their source and 
would travel through any available channels. 

The rectilinear relations among the modified basalts are a separate 
problem. From a chemical standpoint, it is immaterial whether the 
medium of solution and transportation was a liquid or a gas. Also, if final 
results were the same, the actual mechanism might be either the complete 
removal of a certain amount of pure basalt and addition of a certain 
amount of pure rhyolite, or it might involve selective removal of basaltic 
constituents and selective deposition of rhyolitic constituents in such 
proportions as to give the arithmetic mean. The astonishing fact is that 
the mean was maintained. It seems as if this must signify not a haphazard 
relation between the basalt and the rhyolite but a definite kinship, de- 
pendent in some unknown manner upon fundamental processes by which 
the two came into existence. Apparently the constituents of these basalts 
were in just the right proportions to satisfy the solution requirements of 
the rhyolitic medium that carried them away. 

Important differences of the following nature between the actions of 
a liquid and a vapor should be apparent in the rocks: If a liquid were 
the medium of solution and transportation, the part of the liquid left in 
the rock, as veins and interstitial fillings, should show, by the reaction 
minerals contained in it, that basaltic material actually did go into solu- 
tion. Many instances of reaction products should be visible. The 
equilibrium among the minerals of the basalt should have been altered, 
and reactions consequent upon solution of olivine and of pyroxene (and 
perhaps of magnetite) in the siliceous liquid should have given pyroxene 
of changed composition or some new mineral, such as biotite or horn- 
blende. On the other hand, if a separate vapor phase was the medium, 
it might well have escaped entirely, and the residual liquid need not con- 
tain reaction minerals. 

The results actually found are as follows. In the transformed rocks 
the olivines are plainly the corroded remnants of original olivines, and 
the pyroxenes are the corroded remnants of original pyroxenes. No new 
pyroxene (or only a very small quantity) is recognizable, and biotite and 
hornblende are present in insignificant amount. The thin sections show 
that ferromagnesian minerals were attacked and corroded, but merely 
a trace of reaction products can be found. As for the feldspars, some are 
similarly relics, of unchanged composition, derived from the basalt, 
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whereas others, in the fine-grained groundmass, have a composition 
equivalent to a combination of albite plus a little anorthite with the 
sodi-potassic feldspars of the rhyolite. In addition to these minerals, 
quartz and tridymite are present. The feldspars are the only new re- 
action minerals of importance, and even they are present in only such 
amount that their constituents maintain the linear relations. The re- 
action that formed them was not between rhyolitic liquid and the old 
feldspars as a whole, but between rhyolitic liquid and a residue left after 
feldspathic material had been carried away in its proper proportion rela- 
tive to the other basaltic constituents. 

The evidence is regarded as so significant that it will be stated in an- 
other form. Ferromagnesian minerals and feldspars might have been dis- 
solved, at any stage of the metamorphic process, in the rhyolitic liquid, 
and yet the medium by which the basaltic constituents were carried away 
from the liquid might have been a vapor streaming through it. If the 
vapor did not remove completely the basaltic material dissolved in the 
liquid, reaction products would now be recognizable, and nothing indica- 
tive of the presence and functioning of the vapor phase would be left. A 
deceptive appearance that the liquid was the medium of removal would 
be seen. The presence of a vanished vapor phase is indicated because 
no combination between the olivine, pyroxene, and iron ore and the 
rhyolitic liquid is to be found, although large amounts of these minerals 
have plainly been removed. Either no intermediate solution of the ferro- 
magnesian constituents in the liquid was formed, or, if they were thus 
dissolved, they were removed completely. There was solution of feldspar 
at some stage, but only that fraction of basaltic feldspars is left that was 
in excess of the solution requirements of the transporting medium. 

The general relations have already been stated. More specific evidence 
will be given. 

Specimen Y. P. 543 is a modified basalt, shown by analysis (Table 4) 
to contain about 64 per cent of rhyolitic material. It is a nearly uni- 
formly gray rock, though close scrutiny reveals a vague mottling, due to 
patches of less perfectly replaced basalt. Its powder was subjected to 
leaching by HCl and NaOH solutions, as previously described for Y. P. 
1025, in order to eliminate olivine, and the residue was centrifuged. Deter- 
minations of indices of pyroxene grains in the heavier residue gave 


Within the limits of accuracy, these figures are the same as those of the 
pyroxene grains in the unmodified basalt, Y. P. 1025. 

The feldspars of the leached powder were of three kinds. The first 
were comparatively large units and represented unchanged crystals of 
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the original basalt. Index 6 equalled 1.569, as in the basalts. The second 
kind also were rather large, but few in number. They had the peculiar 
aspect that has been thought indicative of replacement of basic feldspar 
by alkali feldspar without change of form. Their mean index was about 
1.542. The third kind appeared as a profusion of tiny plates that 
originated during metamorphism, by combination of introduced rhyolitic 
feldspathic material with residual feldspathic material from the basalt. 
Both indices were > 1.537 and < 1.544. These values would correspond 
to about Abs, An,, if the crystals were only an albite-anorthite combina- 
tion. No orthoclase could be identified with certainty among the tiny 
crystals of the several minerals present, though analysis of the specimen 
shows nearly equal amounts of K,0 and Na,O. Both may be contained 
in minute feldspars. 

Large amounts of quartz and tridymite were present, and a few grains 
of green, pleochroic hornblende. Several zircons were seen. No biotite 
was recognized. Iron ore is plentiful in the thin section of the rock, but it 
was partly dissolved by the leaching process. In the section, much of it 
is translucent, brown, and has a crystal form that suggests hexagonal 
plates. In many other modified basalts the iron ore has this appearance. 
It seems not unlikely that the original ore mineral has been recrystallized 
into a new mineral of different iron-titanium ratio. 

Specimen Y. P. 980, containing 68.5 per cent rhyolitic material, was 
similarly leached with HCl and NaOH. The residue was not centrifuged, 
and therefore the pyroxene grains contained in it were associated with a 
large quantity of other minerals. Precise determination of pyroxene 
indices was difficult, but they seemed to agree entirely with those of 
pyroxenes in unaltered basalt. 

Specimen Y. P. 514 (35 per cent rhyolite) was examined in powder 
without leaching. The minute feldspar laths of the groundmass (feld- 
spars produced by reaction with rhyolitic liquid) have a composition of 
about Ab;; An,;. Larger feldspars correspond in composition to those 
of basalts. Since olivine was not eliminated, the pyroxenes might be con- 
fused with olivine, but grains believed to be pyroxene had indices corre- 
sponding to those previously found. Some quartz and considerable 
tridymite were evident. In the thin section of this rock, several quartz 
crystals of secondary origin are present, but otherwise the appearance is 
basaltic. Compared with the rim rock of the contact area, however, the 
grain size is smaller, and leucocratic minerals form a larger proportion. 

The several specimens just described have been variously modified, 
but in none of them do the pyroxenes seem different from those of the 
original basalts. Reaction products that must have been formed between 
ferromagnesian minerals and the medium that carried away material 
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have left hardly more than a trace. The same conclusion is reached in 
the examination of thin sections. The photomicrographs (PI. 7) are illus- 
trations typical of many sections of rock in which distinct veins of rhyo- 
lite penetrate basalt. Corroded débris of olivines and pyroxenes is strewed 
through the rhyolitic material, but no significant amounts of reaction 
products can be recognized. 

If one should reject the view that the products have beeen removed by a 
vapor phase, some other explanation of their disappearance would be 
required. If it should be thought that liquid rhyolite was the responsible 
medium, but that the portion of liquid that held the products in solution 
has moved to some other place, a logical question is whether this could 
have happened in such a way that this liquid has not been trapped in 
the minute veins or interstices. This view would imply that, whatever 
stage of disintegration in the veins or of metamorphism of the soaked 
rocks had been reached, the reacting liquid had passed on, and its place 
had’been taken by pure rhyolite, with which no further reaction had 
ensued. In the thin sections, however, many small inclusions of basalt 
have every appearance of disintegrating in the immediately adjacent 
rhyolite, in which their remnants have become scattered but in which no 
reaction products are visible. It seems hardly possible that the disinte- 
gration was effected by some portion of liquid that has moved onward out 
of sight. Although liquid rhyolite may have assisted in solution and dis- 
integration, the dissolved material seems to have been removed by another 
medium. 

Therefore, there are two difficulties in attempting to attribute the 
elimination of basaltic constituents to liquid rhyolite. One is the me- 
chanical difficulty of lack of head to cause continuing flow of liquid 
through xenoliths immersed in rhyolite, or of wall rock adjacent to rhyo- 
lite, and the other is the chemical difficulty of accounting for the elimina- 
tion of large quantities of basaltic material without leaving visible evi- 
dence of a medium of solution and transportation. 

On the question of the ability of magmatic gases to remove mineral 
constituents, a wide difference of opinion exists among geologists. The 
arguments of those who would place the amount at a minimum do not 
appear to the writer to be well founded. They seem to represent a con- 
siderable structure of hypothesis as to what the properties of a theoretical 
and over-simplified magma should be rather than to be the result of 
critical observation of what is actually accomplished by that strange and 
complex substance that a magma really is. The writer, in studying vol- 
canic effects, has seen a number of instances in which transport of mineral 
matter has occurred under such conditions that removal in a volatile 
phase seemed the only reasonable explanation. 
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MINOR VARIATIONS FROM RECTILINEAR RELATIONS IN THE ANALYSES 


In Figure 2, small departures from the rectilinear relations may be 
observed at two places. One of these is for specimen Y. P. 980, and the 
other is for three unchanged basalts (Y. P. 1025, Y. P. 904, and Y. P. 
1024). 
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Ficure 2.—Diagrammatic assemblage of all analyses 
Volatile constituents have been omitted and FeO has been recalculated as Fe,O,. 


-Y. P. 980 shows small deviations of nearly all constituents. This 
specimen is from the greatly modified basalt (68.5 per cent rhyolite) 
immediately above a large mass of rhyolite (Pl. 6, fig. 1), a situation 
which would be specially favorable for rapid flow of emanations from the 
underlying magma. It is suggested that under such circumstances differ- 
ences in susceptibility to attack (rate of solution) of basaltic minerals, 
in contrast to the tendency toward equilibrium that would prevail if solu- 
tion were less rapid, might have caused the deviation. The rapid flow 
of emanations may also have been the cause of the large change of com- 
position. 

The group of unmodified basalts at the left of the diagram (Figure 2) 
has a peculiar relation to the modified basalts. It is evident at a glance 
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that the compositions of all modified basalts (except Y. P. 980) lie almost 
exactly on straight lines passing through rhyolite. These lines also pass 
through an unmodified basalt (Y. P. 969). In the other three basalts, 
several constituents, especially CaO and Al,O;, depart from the linear 
relation by amounts that are small, but too large and too consistent to be 
attributed to analytical errors. 

The compositions of all four of the unmodified basalts are so nearly 
alike that they undoubtedly represent the same body of magma. Curi- 
ously, the specimen that falls on the lines, and that may be termed the 
“standard”, is the one whose position in the field is farthest from the con- 
tact area, whereas the field positions of the other three indicate that they 
represent the rocks that were modified by rhyolite. 

It has already been deduced that a genetic kinship probably existed 
between the rhyolite and the basalt of the area. This was inferred from 
the fact that (small discrepancies being ignored for the moment) all con- 
stituents of the basalt were soluble in the rhyolitic medium in the propor- 
tions in which they were present, irrespective of the minerals in which 
they were combined. 

The immediate question is how the basalts that varied from the 
“standard” composition were so readjusted by contact with rhyolite that 
they gave a series of modified rocks, not intermediate between rhyolite 
and themselves but between rhyolite and the “standard.” 

The minerals of a basalt are mostly solid solutions of variable and ad- 
justable composition. Feldspar may be taken as an example. If the 
basaltic feldspar contained too much CaO in proportion to Na,O to be in 
equilibrium with a solvent with which it was in contact, simultaneous 
changes in crystals and solvent would occur, such that a more sodic feld- 
spar would be brought into relation with a solvent of more calcic compo- 
sition. In a migrating solution, reaction in the same sense would con- 
tinue, and thus the crystals would change progressively toward the com- 
position required to satisfy the solvent. 

With the ferromagnesian minerals, similar readjustments may be repre- 
sented by the small amounts of biotite and hornblende present. 

If this is the true explanation, it implies that the portions of the basalt 
that had originally departed from the “standard” had lost, in such de- 
parture, only such constituents, in such proportions, that the deficiencies 
would be made up by bringing them into contact with rhyolite. 

This is one of the extraordinary features that these rocks show. The 
ultimate explanation of the peculiar relations between the Gardiner River 
basalt and the rhyolite cannot be suggested without further knowledge. 
We are given hardly more than a tantalizing glimpse of the working of a 
mechanism by which the magmas originated in the depths of the earth, 
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but a further hint of the close relationship between the basalt and the 
rhyolite is supplied by the fact that in the Park, during the latest igneous 
epoch, to which these rocks belong, great floods of basaltic and rhyolitic 
lavas were poured out in alternation, but no lavas of intermediate compo- 
sition were erupted. Whatever the mechanism of genesis may have been, 
it seems to have produced only these two contrasting types. 

The rectilinear relation that was maintained so definitely in the 
Gardiner River rocks suggests an analogy with the rectilinear variation 
of constituents that is characteristic of many rock series. Among other 
examples, the rocks of various ages of the Katmai province show it well 
(Fenner, 1926, p. 673). 


MAGMATIC CORROSION AT MOUNT KATMAI 


The facility with which the Gardiner River rhyolite attacked and pene- 
trated basalt seems to explain certain features of the eruption of Mount 
Katmai in 1912. The eruption began with the explosive ejection of pure 
rhyolitic pumice, of about 76.5 per cent silica content. Mechanically 
mixed with this were bits of sedimentary rocks from the beds on which 
the cone rests, and of basic lavas from the walls of the crater. In suc- 
ceeding pumice strata these mechanical inclusions are present in lesser 
amounts, but the significant feature was contamination of the pumice 
itself with large amounts of material formed by the corrosion and dis- 
integration of the lavas of the walls. Innumerable little phenocrysts of 
the minerals characteristic of the basic wall rocks were set free by solu- 
tion of their groundmass and became scattered through the magma, in 
association with the sparse phenocrysts of quartz and alkali feldspar that 
properly belonged to the rhyolite. Less complete digestion gave rise to 
banded pumices. There is little indication that rocks of deep-seated 
characteristics were contributed, but only rocks from the crater walls. 
Therefore the contamination was subsequent to the rise of the magma 
into the crater. 

~ The amount of contamination of the pumice fluctuated somewhat in 

different strata, but unpublished analyses of each successive stratum of 
a deposit a few miles from the crater (weighted according to thickness 
of strata) give an average of 66.6 per cent silica, with each of the bases 
varying in linear proportion to decrease of silica. The figures lead to 
the astonishing conclusion that the rhyolite became contaminated with 
approximately an equal quantity of basic rock. Not all of this was dis- 
solved, however, for a considerable amount is represented by undissolved 
phenocrysts. 

The processes at Katmai seem to have been analogous to but more 
intense than those in the Gardiner River area. Presumably the newly 
risen rhyolite penetrated the wall rocks of the crater. Weakening of the 
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walls in this manner, with the attendant shattering explosions, brought 
about avalanching and engulfment. Rapid disintegration in the magma 
followed, and at intervals the products were explosively ejected. By this 
process the enormously enlarged crater pit seems to have been formed. 
In the interpretation of processes at Katmai an important fact is that, 
however much contaminated the pumices become, pure white, rhyolitic 
pumice is always present in some amount in every deposit, either as sepa- 
rate pieces or as white bands alternating with black or brown in single 
pieces. This is true of the strata formed from the ejecta of Mount Kat- 
mai and Novarupta and the deposits of the sand flow in the Valley of 
Ten Thousand Smokes. It is evident that pure rhyolitic magma con- 
tinued to be supplied, and that the varying composition of the pumice 
strata was due, not to changes in the source magma, but to contamina- 
tion with extraneous material. In the parasitic dome of Novarupta the 
process of contamination, through the incorporation and digestion of 
blocks of basic lava in the rhyolite, is visible in diagrammatic clarity. 


DIFFICULTIES OF EXPLANATION OF CERTAIN MAGMATIC PHENOMENA 


Presumably, similar phenomena have occurred in eruptions at other 
voleanoes. Two features of such phenomena, wherever found, are espe- 
cially striking and are not easy to explain. One is that magmas rich 
in volatiles and therefore capable of violent explosion, remain quiescent 
in their craters, without physical restraint, for certain periods, and sud- 
denly become inflated. Whatever difficulties there may be in under- 
standing this behavior, the facts are attested by observations at various 
volcanoes. It is doubtful if contamination, such as occurred at Katmai, 
is a factor, but the contrasting character of the contaminating material 
makes the record of events more easily read. It shows, for example, that 
during the quiet periods intensely active disintegration and solution of’ 
basic wall rock in the rhyolitic magma was proceeding. 

A more prolonged evolution of gases is apparent in eruptions that take 
the form of nuées ardentes of Peléean type or sand-flows of the type found 
in the Valley of Ten Thousand Smokes. 

In the Gardiner River area, the vesicularity of the rhyolite indicates 
prolonged evolution of gases at a distance from the source of the flow. 
Comparable with this are such phenomena as the formation of lithophysae 
and layers of crystalline minerals at Obsidian Cliff. 

Inasmuch as these delayed but violent explosions occur in open craters 
in which no mechanical obstacles are present to cause delay, it seems 
that it must be the result of delayed chemical reactions within the magma, 
representing the time required to effect the break-up of compounds in 
which potentially volatile elements have been held in non-volatile form, 
and enable them to form new combinations that are actually volatile. 
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These reactions may be compared to the delay in forming precipitates in 
certain laboratory solutions. 

The second difficulty is the magnitude of the contamination of magmas 
(and similarly the contamination of vapors given off by them) and the 
source of the necessary heat. Certain geologists believe this difficulty 
insuperable and contend that assimilation of a large amount of foreign 
material is impossible. The writer realizes the great difficulties involved 
in this problem but believes that the nature of the contamination at 
Katmai and the figures cited for the actual composition of its pumices 
are substantial evidence. Unlike the Katmai region, the Gardiner River 
area is easily accessible to geologists who may wish to examine the evi- 
dence for themselves. The writer hopes that this locality will be studied 
by other geologists, and that their conclusions will be published. The 
relations are so extraordinary and have so important a bearing in inter- 
preting magmatic phenomena that the experience and views of others 
should be sought. 

A source of heat that has been suggested as a possibility is that due to 
the oxidation of FeO to Fe.0;. To test this idea with respect to the 
Gardiner River rocks, the two iron oxides of each analysis were plotted 
on a diagram. Slight weathering might have changed the relations con- 
siderably, and it was interesting to find that, except in two specimens, 
each oxide falls very near a straight line between the basalts and the 
rhyolites. 

One of the exceptions is Y. P. 505, which contains only a small amount 
of iron oxides, so that a little oxidation would change the proportions 
greatly. The specimen has a slightly weathered appearance. 

The second exception is Y. P. 909 A. As already pointed out, this is an 
unusual facies of modified basalt, whose character is probably due to local 
effects. Its large proportion of ferric iron is evidently not of general 
significance. The normally modified rocks, therefore, do not show oxida- 
tion, and the heat supply cannot be attributed to that source. 

In attempting to account for the heat in such instances, certain features, 
which are believed to represent easily observed facts, are significant. In 
the Katmai eruption the pure rhyolitic pumice of the first explosion 
contained a few phenocrysts of quartz and alkali feldspar. Evidently the 
magma at its first appearance had already begun to crystallize and there- 
fore was not superheated. Nevertheless, it was able to absorb great quan- 
tities of cold rock, as is shown by the analyses and confirmed by the pro- 
fusion of xenocrysts of pyroxene and basic feldspar in the later pumices. 
These, in association with the phenocrysts of quartz and alkali feldspar 
of the rhyolite, formed an incongruous assemblage. 

In the Gardiner River rhyolite a similar beginning of crystallization is 
shown by the phenocrysts. The evidence that this rhyolite, or emanations 
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from it, dissolved and carried away large amounts of basalt has already 
been described. This evidence is not dependent upon interpretation of the 
physical nature of the rhyolitic solvent medium, but upon demonstrable 
changes in the composition of the basalt. 

Inasmuch as the magmas of Katmai and Gardiner River were not 
superheated, and yet were able to accomplish results that presumably 
required large amounts of heat, it seems that they must of necessity have 
possessed some latent energy reserves that were transmutable into heat. 
This is strange but not impossible. Given the facts, which seem definite, 
it appears to be the logical conclusion. It is evident that such a property 
of magmas has far-reaching implications. 

An igneous magma is highly complex, different in many respects from 
anything that has been the subject of laboratory investigation. Its prop- 
erties are best deduced by direct observation and can hardly be con- 
troverted by abstract reasoning as to the possibility or impossibility of 
certain phenomena. Even experimental evidence and thermodynamic 
deductions, however high their intrinsic quality may be, have their limita- 
tions and can only be accepted unreservedly if it is certain that the 
magmas to which they are applicable do not differ in essential properties 
from natural magmas. 

Information of special value regarding the properties of magmas is 
likely to be obtained from exceptional occurrences, such as those at Kat- 
mai and in the Gardiner River area, in which volatiles have exercised the 
important functions of which they are capable. Magmas of this kind, 
rather than those from which volatiles have escaped, are the true magmas, 
and their possibilities of accomplishment are probably of a different order. 

This paper has described observations and has given interpretations. 
The facts of occurrence in the field are clear. The interpretations are 
properly subject to scrutiny and to the weighing of evidence. Independ- 
ent examination of the Gardiner River rocks is urged, to test interpreta- 
tions or suggest others. However, consideration of the interpretations 
given here, and of their departure from strictly orthodox views, should not 
overlook the fact that the behavior of the Gardiner River rhyolite itself 
was far from what has been considered orthodox. The extraordinary field 
relations, together with the rectilinear variation of composition of the 
modified basalts as found by analysis, are matters that are difficult to 
explain on the basis of generally held conceptions of magmatic properties. 


SUMMARY AND CONCLUSIONS 


As an incident of the great volcanic activity of the latest igneous epoch 
in Yellowstone Park, a stream of rhyolitic lava flowed down a small 
valley or gorge, which had previously been eroded in a basaltic surface. 
The position of this channel nearly coincided with the present valley of 
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Gardiner River. Subsequent erosion has removed much of the rhyolite 
but has left enough to exhibit excellently the remarkable contact effects 
produced by it upon the underlying basalt. The rhyolite probably did 
not accumulate over the area to a great depth, but nevertheless there is 
reason to believe that the flow was of large magnitude and that most of 
the flood passed onward into a deep depression to the north. Therefore 
the effects are to be ascribed to a large body of magma. 

These effects are extraordinary. In many places the rhyolite has pene- 
trated deeply into the basalt, as complex networks of veins and dike-like 
masses, which ramify through the basalt in intricate patterns. Portions 
of the basalt were surrounded by rhyolite and carried away, and this 
erosive action seems to have brought about considerable modification of 
the original channel. 

In addition to the penetration of distinct veins of rhyolite, and its 
corrosive disintegration of basalt, the basalt in proximity to the rhyolite 
was modified in composition. While retaining its solid structure, it was 
intimately permeated by rhyolitic material in such a manner that 
basaltic constituents were carried away and rhyolitic constituents were 
substituted. In this process, access of material was not provided by 
cracks or distinct openings of any kind, but a uniform impregnation took 
place along the most minute pores. All degrees of modification of basalt 
are found, up to examples in which more than 68 per cent of rhyolitic 
material has been substituted for basaltic. Many analyses of these 
modified basalts have been made, and the compositions lie almost 
exactly on straight lines between rhyolite and basalt. In general nature 
the replacement phenomena in these rocks are remarkably similar to 
granitization under plutonic conditions. 

The description of field relations and of analytical results forms the 
first portion of the paper, and in this only facts are dealt with. Follow- 
ing this, an attempt is made to analyze the problems presented and to 
supplement this with microscopic studies of the rocks, in an effort to 
deduce a reasonable explanation of the phenomena. The phenomena 
themselves are extraordinary, and the behavior of the rhyolitic magma 
implies the possession of properties out of accord with those that have 
been regarded by many petrologists as inherent in such magmas. Ordi- 
nary conceptions seem incapable of explaining the effects accomplished, 
and it has been necessary to consider principles that depart somewhat 
from orthodox views. 

Because of the difficulty of conceiving an adequate driving force that 
would cause liquid rhyolite to move continuously through solid xenoliths 
immersed in it and remove original constituents and substitute others, 
the alternative idea is entertained that it was not the liquid rhyolite, but 
gaseous emanations given off by it, that were the solvent and transporting 
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medium. Confirmatory evidence seems to have been found in the thin 
sections because, although basaltic material can be seen to have been 
disintegrating in contact with rhyolite, the minerals that would be ex- 
pected to be formed as a result of this reaction are lacking. Necessarily, 
reactions had occurred between basaltic minerals and whatever medium 
had dissolved them and carried them away. If it had been the liquid 
rhyolite, reaction products should be visible in the material that now 
forms veins or occupies the interstices among basaltic grains. Lack of 
these results indicates as the medium a volatile solvent that has vanished. 

A matter that is independent of the nature of the solvent medium, but 
likewise has suggestive implications, is the rectilinear variation of com- 
position of the modified basalts. This seems to mean that basaltic con- 
stituents, in whatever minerals combined, satisfied or saturated the 
rhyolitic solvent in exactly the proportions in which the constituents were 
present in the basalt. This, in turn, implies some fundamental relation- 
ship between the basalt and the rhyolite, harking back to processes by 
which the two magmas had originally been generated. A mechanism 
altogether unlike that of fractional crystallization is indicated. 

The solution of large quantities of solid basalt in the rhyolitic medium 
presumably required a large amount of heat. The question of its source 
is recognized as a difficult problem, but the Gardiner River occurrence 
and others seem to present definite evidence of the important fact that 
solution of this sort actually did take place. It seems a logical conclu- 
sion that the necessary energy reserves were available in some previously 
latent form. The implication that magmas possess such reserves of energy 
is of importance in the consideration of magmatic processes. 

The Gardiner River area is easily accessible, and the relations are well 
exposed. The hope is expressed that the site will be visited and studied 
by other geologists, and that their views will be contributed toward an 
elucidation of its interesting problems. 
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ABSTRACT 


The results of a detailed petrologic investigation of underclays of various types 
occurring beneath the coals in Illinois are presented. The mineral composition 
of the clay grade was determined by optical, X-ray, and chemical criteria, frequently 
following sedimentation and supercentrifuge separations into fractions sufficiently 
simple mineralogically so that the analytical data could be definitely interpreted. 
Constituents coarser than clay were identified with the petrographic microscope. 
capacity values and textural characteristics are presented and dis- 
cussed. 

The completely noncalcareous underclays occurring most commonly beneath coal 
No. 2 and older coals are composed largely of kaolinite. Varying amounts of illite 


(1485) 


q 
1 3 
Wee 


1486 GRIM AND ALLEN—PENNSYLVANIAN UNDERCLAYS OF ILLINOIS 


and ete are also present. Occasional beds are found in these underclays which 
are semapeere almost wholly of a distinctive member of the illite clay mineral 
group. The calcareous underclays and those grading from noncalcareous to cal- 
careous which occur beneath younger coals contain illite as the essential clay 
mineral constituent. Except for variations in the calcite and quartz content and a 
slight concentration of limonite in a zone several inches below the coal, there is 
no evidence of variation in the mineral constitution or chemical composition within 
beds of the latter underclays as they are traced downward from the overlying coal. 
The analytical data definitely indicate no appreciable vertical variation of the 
completely noncalcareous underclays 

Underclays seemingly have womens chdeited little or not at all to processes similar 
to those forming modern soils. The significance of the petrographic data on the 
origin and genesis of underclays is discussed in detail. 


INTRODUCTION 


This report contains the results of researches on the mineral compo- 
sition and texture of the Pennsylvanian underclays of Illinois and on the 
significance of these data in understanding their origin. These researches 
were undertaken as part of the Illinois State Geological Survey’s inten- 
sive study of the clay resources of Illinois. 

Petrographic research on the underclays of Illinois was begun by Allen 
in 1929 with study of a series of oriented thin sections from increasing 
depths beneath several coals. A few chemical and X-ray analyses were 
obtained. A brief summary of some of the results of this work has been 
published (Allen, 1932). Since 1932 a large number of petrographic 
analyses have been made by Grim on many additional underclays. Frac- 
tionation by sedimentation or supercentrifuging followed by optical, 
X-ray, and chemical determinations have been used in making most of 
these analyses. Thin section examinations and base-exchange capacity 
determinations also have been obtained. The present report includes the 
results of the later analyses together with the unpublished results of the 
earlier study. The conclusions for which the writers are jointly respon- 
sible are based on all the analytical data. 


LITHOLOGY AND OCCURRENCE 


The Pennsylvanian underclays of Illinois, so named because they 
usually occur directly beneath beds of coal, have distinctive properties. 
The material is usually gray, occasionally carbonaceous, occasionally 
calcareous, and varying from nongritty to distinctly sandy. It is par- 
ticularly distinctive because of the presence of many small, discontinuous, 
slickensided fracture surfaces along which the clay breaks readily. The 
slickensided fractures are limited to the clay and are not continuous into 
overlying or underlying beds. Underclays are generally unbedded and 
nonlaminated, although occurrences are known in which clay showing 
a layered character occurs with the underclays or in the position of under- 
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clay in the cyclothem. Underclays vary in thickness from less than a 
foot to about 20 feet. 

Many underclays contain fresh-water limestone either as continuous 
beds or as discontinuous nodular masses. The limestone usually has no 
fossils but at times contains forms indicating a fresh-water or brackish- 
water environment of accumulation. 

The relative position of the underclay with respect to the other sedi- 
ments of the Pennsylvanian system is shown by the following typical 
sequence of beds in a Pennsylvanian cyclothem as given by Wanless and 
Weller (1932) and by Weller (1930). 


8. Shale, containing “ironstone” bands in upper part and thin limestone layers in 
lower part 

. Limestone 

. Calcareous shale 

. Black “fissile” shale 


Coal 
. Undérclay, not uncommonly containing concretionary or bedded fresh-water lime- 


stone 
2. Sandy and micaceous shale 
1. Sandstone 
Unconformity 


The succession of beds at any particular locality or in any particular 
cyclothem may be incomplete. Consequently, although underclays are 
usually immediately overlain by coal, they are occasionally overlain 
directly by another higher member of the cyclothem or by a member of a 
succeeding cyclothem. The contact between the underclay and the under- 
lying beds is at times gradational, whereas the contact with the over- 
lying bed is usually sharp. The large areal extent of members of some 
cyclothems has been emphasized by Wanless and Weller (1932). 

The underclays may be grouped into (1) noncalcareous, and (2) cal- 
careous or calcareous grading upward into noncalcareous. Underclays 
which are noncalcareous throughout are particularly prominent beneath 
coal No. 2 and older coals. They outcrop in northern, western, and 
southern Illinois around the margin of the Pennsylvanian outcrop area 
(Fig. 1). In Grundy and La Salle counties, northern Illinois, underclays 
of this kind are particularly well known. They are well known also in 
western Illinois where several noncalcareous underclays beneath the Sea- 
horne limestone constitute the Cheltenham clay horizon near the base of 
the Pennsylvanian system. The clays are believed by Wanless (1931) 
to represent several cyclothems, members other than the clays being 
absent. 

With few exceptions underclays beneath coals younger than coal No. 2 
are calcareous or calcareous grading upward to noncalcareous. Such 
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Ficure 1—Pennsylvanian outcrop area in Illinois 
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underclays outcrop in the central part of the coal basin in Illinois—in 
the eastern and central part of the State. 

The available subsurface data suggest that the characteristics of the 
underclays shown at the outcrop are retained when the material is not 


exposed. 
ANALYTICAL PROCEDURE 


Samples were collected from several noncaleareous and calcareous 
underclays beneath different coals and from the underclay below the 
same coal in different parts of the State. For each underclay a sequence 
of samples was obtained representing the material at increasing depths 
beneath the overlying coal in order to investigate possible changes in 
constitution downward through the underclay. The intervals between 
the samples were chosen on the basis of the character of the material as 
shown in the outcrop. Samples were obtained from each interval that 
seemed different in any way from overlying or underlying underclay. 

Each sample was fractionated by sedimentation methods into Fraction 
A, which contains all particles smaller than 0.002 mm. and larger par- 
ticles readily broken down to this size, and Fraction B containing the ~ 
particles coarser than 0.002 mm. (Grim, 1934). The mineral constituents 
of Fraction A, which is essentially the clay mineral fraction, were identi- 
fied on the basis of optical, chemical, and X-ray analytical data.t_ The 
constituents of Fraction B, which is essentially the non-clay mineral frac- 
tion, were identified with the petrographic microscope. 

In order to further investigate the finest fractions and to be certain 
that all the mineral constituents of the colloid fractions were detected, 
the fractions composed of particles smaller than 0.001 mm. in diameter 
of several sequences of underclay samples were fractionated by the super- 
centrifuge, and the constituents were identified by the method described 
by Bray, Grim and Kerr (1935). 

Base-exchange capacity determinations were obtained for a series of 
samples of one underclay at varying depths beneath the overlying coal. 
Thin sections were studied for all samples. 

Miscellaneous samples from additional underclay horizons were ob- 
tained to represent all variations of underclay material that could be 
found. These samples were studied mainly by thin-section analysis and 
by separation into fractions A and B followed by mineral identifications. 
The object in studying them has been to supplement the information 
obtained from the other samples and thereby to obtain a broader concept 
of the constitution of all the underclays in Illinois. 


1X-ray analyses were made on some samples by P. F. Kerr of Columbia University, on others 
by W. F. Bradley of the Illinois State Geological Survey. 
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MINERAL ANALYSES 
GENERAL STATEMENT 


Mineral analyses in considerable detail are given for: (1) a series of 
lower Pottsville underclays from Grundy County, and (2) an underclay 
of Coal No. 8 from Vermilion County; these are typical examples, re- 
spectively, of completely noncalcareous underclay and underclay grading 
from calcareous to noncaleareous. The analytical data for the samples 
of additional underclays, which have been studied, are summarized in 
Tables 5 to 10. Chemical analyses of Fraction A are presented because 
these data are significant in considering vertical variations in the clay 
mineral constitution of the underclay. 

The megascopic characteristics of all samples are similar to the char- 
acteristics of those described in detail. The only differences are in the 
degree of sandiness, in the presence or absence of calcite, and in the 
abundance of carbonaceous material and slickensided fracture surfaces. 


LOWER POTTSVILLE UNDERCLAYS IN GOOSE LAKE AREA, GRUNDY COUNTY 


Outcrop Characteristics —Three beds of underclay occur in a working 
clay pit in the Goose Lake area, NW. 14 NE. 4 sec. 11, T. 33 N., R. 8 E., 
Grundy County; they are separated from each other by thin beds of coal. 
The lowermost underclay varies from 10 to 12 feet thick and extends 
downward to pre-Pennsylvanian beds. This material is dark gray, 
slightly carbonaceous, unbedded, and slightly sandy with the sandiness 
increasing downward. Relatively few slickensided fracture surfaces are 
present, and the clay possesses an angular fracture or occasionally a con- 
choidal fracture. The clay in the uppermost few feet of this bed is more 
carbonaceous and has more slickensided fracture surfaces than that in 
the lower part. Occasionally some of the uppermost clay is hard, brittle, 
and dense like flint clay. 

The middle underclay is from 3 to 5 feet thick and is frequently sepa- 
rated into several beds by thin coal streaks. The material is dark gray 
brown, very carbonaceous, unbedded, possesses many slickensided fracture 
surfaces, and exhibits no definite vertical variation in characteristics. 

At some places in the clay pit, the coal overlying the middle underclay 
is immediately overlain by Pleistocene or Recent sediments; at other 
places another underclay with a maximum thickness of 6 feet intervenes. 
Occasionally this uppermost underclay is overlain immediately by a 
clayey limestone a few inches thick. The clay is green to gray; it is 
carbonaceous, nonbedded, and possesses many slickensided fracture 
surfaces. 


Mineral Composition—Fraction A of the lower underclay (Samples 
la-ld) is a mixture of approximately equal amounts of kaolinite and 
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illite (Grim, Bray, and Bradley, 1937) with very small amounts of other 
constituents,? chiefly quartz and organic material. Since K,O is a com- 
ponent of illite and not of the other constituents, the increase in quantity 
of K,0 downward (Table 1) indicates a relative increase in the abundance 
of illite. The approximately constant SiO, to R,O; ratio suggests no 
appreciable variation in the quartz content of this fraction. The FeO 
and MgO shown by the analyses are components of illite. 

Fraction B increases from about 30 per cent of the total in the upper- 
most part of the lower underclay to about 50 per cent in the lower part. 
The fraction is composed largely of quartz grains whose maximum diam- 
eter ranges from 0.06 mm. in the upper part to 0.12 mm. in the lower part. 
White mica is very common, and feldspar (orthoclase, microcline, albite) 
is a common constituent, particularly in the lower part of this underclay. 
Chloritic mica, kaolinite, calcite, pyrite, zircon, tourmaline, and rutile 
are rare. 

The flint-like clay of the lower underclay contains also the constituents 
noted above. Thin sections show the matrix to possess a dense appear- 
ance; this is interpreted as indicating slight silicification. 

Fraction A of the middle underclay (Samples le-lg) is composed 
essentially of kaolinite with some illite and a very small amount of 
quartz and organic material. A comparison of the K,O content (Table 1) 
of this underclay and the lower one shows that illite is more abundant 
in the lower underclay. The downward increase in K,O indicates an 
increase from top to bottom of illite with an attendant decrease in kaoli- 
nite. The H,O+ values are in accord with this conclusion since the 
H.O-+ values of kaolinite are higher than those of illite. The analytical 
data indicate no noteworthy vertical variation in the abundance of quartz 
and organic material. 

Fraction B makes up about 35 per cent of the middle underclay. It is 
composed mainly of quartz in grains up to 0.1 mm. in diameter. Distinct 
books of kaolinite are common in the uppermost part, and flakes of white 
mica are common in the lower part of this bed. Grains of feldspar (ortho- 
clase), frequently partially altered, and pyrite are fairly common also in 
the lower part. Calcite, chloritic mica, zircon, and tourmaline are very 
rare. 

The results of the supercentrifuge fractionation analyses of the middle 
underclay given in Table 2 show that a slightly larger amount of illite in 
the lowermost material is the only appreciable vertical variation in the 
clay mineral constitution of this underclay. The organic content, as in- 


2Some analytical data derived from supercentrifuge fractions of two underclays suggest the 
presence of a small amount of the montmorillonite type of clay mineral. A trace of this mineral 
may be present in all underclays. 
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TaBLe 2.—Supercentrifuge fractionation, analytical data, and min 


Sample No.| &| é 3 Optica 
R 
Aggregates 
C |48.17|33.60| .89} .55| .96) .37) 
le 
(0-6 inches 
low Aggregates 
upper coal) |F /44.01/35.67] .95/1.16/1.12] .53) 
Homogeneoi 
S .54/2.38] =1.585; ( 
; 
R .20] .20) .48] .93/1.00} 8.33] 99.98) 7.09 
Aggregates 
C .59|) .59] .47) 
y-a=. 
(15-20 inches 
below Homogeneot 
upper coal) |F .62) .51) .25/1.74/1.26/11.62/100. 60/1 
Homogeneot 
/45.17/32.08/1.99 1.40) .33 14.99/95.96 |2.98 2.40/2.30) (—); 2V sm 
=1.585; 
R 
Aggregates 
C .98] .40] .97] 6 =1.565 
Ig y—a=.015 
(24-30 inches 
below Aggregates 
upper coal) |F /47.11/33.46/1.15) .53/1.12] .24] .06/2.85/2.44/10.96] 6 =1.575 
y~e=. 
Homogeneot 


*R = residue; C = coarse colloid fraction; F = fine colloid fraction; 
S = superfine colloid fraction. 
+S = Strong lines; W = Weak lines; X-ray analyses by Dr. W. F. Bradley, 
eological Survey. 


Nlinois State 


** Optical 


liquids described by G 


VA = 40%+ 
A = 10% 


| | | | | 
: 


TasLe 2.—Supercen 


1.8 


1.16/1.12] .53] .42 
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1.03] .59| .47| .48)1.4 


2.84| .51) .25)1.7 
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1.24) .69/1.28} .25) .50/3. 
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iE 2.—Supercentrifuge fractionation, analytical data, and mineral identifications 


> 
g 
Quartz A 
67 kaolinite A 
white mica VC 
Aggregates kaolinite 8 kaolinite VA 
-96] 6 =1.565 illite W {22.5} illite vc 
y—-a=.015 quartz W quartz R 
Aggregates 
1.12} .53] .42/1.61/1.46/13. 22/100. 15/3. 6 =1.575 kaoliniteS | 4.8] kaolinite VA 
—a=.020 illite Ww illite vce 
Hom« aggregat kaolinite 
|.37]1.02) .54/2.38] =1.585; (—) kaolinite illite 
—a =.020; 2V small illite 
quartz A 
.48] .93/1.00) 8.33) 99.98] .67| 7.09 54 | kaolinite A 
white mica VC 
Aggregates kaolinite S kaolinite VA 
.47] 46/1. 12)11.14/2.30)2.26) 6 =1.572 illite W /|33 | illite vc 
y—a=.012 quartz W quartz R 
Homogeneous aggregates 
.81) y =1.586; (— kaoliniteS 6 kaolinite VA 
—a =.022; 2V small illite Ww illite vc 
Homogeneous aggregates kaolinite 
.33 14.99/95.96 |2.98 2.40/2.30) (—); 2V small kaolinite 7 | illite 
+ =1.585; y—a =.020 illite 
quartz 
62 | kaolinite A 
white mica VC 
Aggregates kaolinite S kaolinite VA 
.34] .06/2.55)2.66/10. 52/100. 12/1 6 =1.565 illite S |20.7] illite VA 
y-a=.015 quartz W quartz R 
Aggregates 
-12] .24] .06/2.85/2.44/10.96] 6 =1.575 kaoliniteS | 8 | kaolinite VA 
—a =.020 illite 8 illite VA 
Homogeneous aggregates; kaolinite 
.28} .25] .50/3.54/1.70/13.28) (—); 2V small kaolinite 9.3} illite 
7 =1.585; y—a =.025 illite | 
id fraction; F = fine colloid fraction; ** Optical measurements on all samples were made using the immersion 
liquids described by Glass (1934). 
es; X-ray analyses by Dr. W. F. Bradley, tt VA = 40%+ VC = 25% -15 R = 10% —-5% 
A =40%-25% =15%-10% VR = -5% 
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dicated by the difference between loss on ignition and H.O-+ values, is 
highest in the uppermost sample and tends to be concentrated in the 
superfine colloid fraction. 

The green clay of the upper underclay is composed almost wholly (Grim 
and Bradley) of a distinctive clay mineral belonging to the illite group. 
The gray clay contains, in addition to this constituent, kaolinite varying 
up to 20 per cent. Quartz in unsorted grains with a maximum diameter 
of 0.06 mm. makes up about 15 per cent of the total material. Flakes 
of white mica and grains of pyrite are present occasionally. 


UNDERCLAY BELOW COAL NO. 8 ALONG SALT FORK CREEK, VERMILION COUNTY 


Outcrop Characteristics —A bed of underclay about 6 feet thick under- 
lying Coal No. 8 is exposed along Salt Fork Creek, W. 1% sec. 31, T. 19 N., 
R. 13 W., Vermilion County. The clay becomes sandy toward its base 
and grades rapidly into the underlying sandstone member of the cyclo- 
them. A gradual change from noncalecareous to calcareous clay takes 
place about 15 inches beneath the coal. Carbonaceous material and 
slickensided fracture surfaces are most abundant in the uppermost clay. 
Limonitic staining of the upper part of the clay is common, particularly 
in a narrow zone about 15 inches beneath the coal. 


Mineral Composition —Fraction A (Samples 7a-7d) is composed of 
illite with minor amounts of quartz and a very small amount of organic 
material. Calcite is also present in the calcareous samples. Chemical 
data (Table 8) indicate no vertical variations in the composition of the 
clay mineral constituent of this fraction. 

Fraction B varies from about 10 per cent of the total clay directly 
beneath the coal to about 50 per cent in the lowermost part. Quartz is 
the dominant constituent in the uppermost horizons, calcite and quartz 
in the lower horizons. Pyrite, white mica, chloritic mica, orthoclase, 
zircon, tourmaline, and glauconite are rare. 

In the supercentrifuge analytical data the higher SiO, to R.O; and 
SiO, to Al,O, ratios, the H,O— and alkali values, and the optical data 
(Table 3) together suggest the presence of a small amount of the mont- 
morillonite-type mineral in the superfine fraction of all samples. The 
higher SiO, to R,O, and SiO, to Al,O; ratios in the superfine fractions of 
the uppermost samples suggest that montmorillonitic material may be 
slightly more abundant in the upper part of this horizon. The other 
analytical data do not concur with this suggestion; they indicate that 
there is no appreciable vertical variation in the clay mineral constitution. 
It may be concluded that even a small vertical variation in the content 
of montmorillonite-type material, which is the only variation for which 
there is any suggestion, is questionable. 


a 
: 
: 
J 
- 
F 
; 
2 


1494 GRIM AND ALLEN—PENNSYLVANIAN UNDERCLAYS OF ILLINOIS 


The data show the concentration of the organic material in the super- 
fine fraction and indicate that it is most abundant in the upper part of 
the horizon. No vertical variations in the textural characteristic of the 
clay are indicated. 


Base-Exchange Capacity Determinations.—It has been shown recently 
(Endell, Hofmann, and Maegdefrau, 1935; Grim and Bray, 1936) that 
the seat of the inorganic base-exchange capacity possessed by argillaceous 
materials is in their clay mineral content and that different clay minerals 
possess widely different exchange capacities. As a consequence, determi- 
nation of base-exchange capacities for a series of clays that contain about 
the same quantity of nonclay mineral constituents and the same size 
grade distribution of all constituents should indicate any appreciable 
variation in the species of clay minerals present. This fact is well known 
to many soil investigators (Bray, 1930) who have recognized the varia- 
tion in exchange capacity in different horizons of a soil profile as largely 
reflecting differences in mineral composition. Various types of soil tend 
to have a characteristic base-exchange capacity curve for the profile as 
a whole. The values given in Table 4 were obtained on samples collected 
at 3-inch intervals from directly beneath the coal to a point where the 
underclay becomes distinctly calcareous. In view of the uniform texture 
and nonclay mineral fraction of the samples, the base-exchange values 
afford strong evidence that the clay mineral content of this underclay 


TABLE 4.—Base-exchange capacity values* 
From underclay beneath coal No. 8, W. % sec. 31, T. 19 N., R. 13 W., Vermilion County 


Exchange capacity in 
Sample No. Depth beneath coal milli-equivalents 
per 100 grams 
(inches) 


* Determinations made by R. H. Bray, Assistant Chief in Soil Survey Analysis, College of 
Agriculture, University of Illinois. 


Taste 3.—Supercentrifuge fractionation, analytical data, and min 


§ 
Sample No. 3 >| IslSlsis Optica 
R 
Aggregates 
C .53) .29/6.06)1.21) 6.37|100.31/3.15] 6.42/3.47/3.11] =1.580 
7a y—a=.025 
(2-6 inches 
below Homogeneot 
coal No. 8) |F |51.02/26.25/5.90) .83/2.82] .16} .05/6.12] 6.68/100.64/2.50) 6.55/3.29/2.88 
Aggregates: 
.98/2.51} .94/1.64/5.28) .39) 9.87/100.21/4.41] 7.82/4.00/3.48) =1.575; 
some n=1.5 
R nil | .61/4.03) 6.10/100.09] 4.90/5.76/5.16 
Aggregates 
C |51.39/26 .65/3.72/2.06/2.53} .22) .18/6.12) .96) 6.82/3.28/3.01) 6 =1.580 
7b =.025 
(6-12 inches 
below Homogeneov 
coal No. 8) |F .17/6.09] .53) 7.14/3.36/3.02/ gates; (—); 
—1.588; 
Aggregates 
|52.18/21.97|5.70 2.33) .69)1.35/5.42) .42/10.62/100.68/2.19] 8.00/4.03/3.45) =1.565 
y¥—a=.025 
R 
Aggregates 
C .16)5.75/1.08/6.45 |100.60/2.91| 6.38/3.31/2.93] =1.580 
7c —a=.030 
(12-18 inches 
below Homogeneou 
coal No. 8) |F |50.46/26.42/5.39) .99/2.99] .12/5.82/1.02) 7.05/3.25|2.87 gates; (—)i 
7 =1.588; 
S |48.50)23.62/5.32) .82/2.62)1.29) .77/5.35) Same as 7cF 
R 
Aggregates 
C .27] .32/6.00/1.22) 6.33/100.41/2.39] 6.40/3.36/3.07) 6 =1.580 
7d y—a=.025 
(18-24 inches — 
below Homogeneow 
.46]/1.10/5.65) 9.76/3.47/3.16 Same as 7dF 
Since carbonates are removed in preparing ~~ saan for supercentrifuge ** Optical measuremen) 
fractionation, the presence of calcite is not indica liquids described by 
*R = residue; C = coarse colloid fraction; F = fine colloid fraction; tt VA = 40%+ 
S = superfine colloid fraction. A = 40% —25% 


+S = Strong lines; W = Weak lines; X-ray analyses by Dr. W. F. Bradley, 
Illinois State eological Survey. 
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2.82) .16} .05/6.12) . 


2.51) .94/1.64/5.28) . 


2.13) nil | .61/4.03) . 
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.17/6.09) . 
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.16]5.75/1. 
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*43) .27/6.08/1.¢ 


-46)1.10)5.65) 
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-—Supercentrifuge fractionation, analytical data, and mineral identifications 


> 
3141S Optical datar* X-ray datat identificationstt 
: Q sig pti “ray identifications 
88) 2 SESE 
illite VA 
66 | quartz A 
Aggregates illite illite 
.53] .20/6.06/1.21] 6.37/100.31/3.15) 6.42)3.47/3.11 quartz ? {18 | quartz (?) 
y-a=, 
Homogeneous aggre- 
-16} .05/6.12) 6.68/100.64/2.50) 6.55/3.29/2.88) gates; (—); 2V email illite 52 | illite 
=1.588; y—a =.030 
Aggregates: mainly 
-94/1.64/5.28] .39) 9.87/100.21/4.41| 7.82/4.00/3.48) =1.575; y—a =.025 illite 10.8} illite 
some n =1.535 montmorillonite-type 
clay mineral (?) 
“nil | .61/4.03] .84] 6.10100.09] .86| 4.90|5.76|5.16 70 | illite VA 
quartz A 
Aggregates 
.18/6.12} .96) 6.91/100.74/1.52) 6.82/3.28/3.01) 8 =1.580 illite illite 
‘ y—a =.025 quartz ? |17 quartz ? 


Homogeneous aggre- . 
.17/6.09] 7.14/3.36/3.02) gates; (—); 2V =5°+ illite 5.4| illite 
—1.588; y—a =.033 


8.00/4.03/3.45) 6 =1.565 illite 7.6} illite 
—a=.025 montmorillonite-type 
clay mineral (?) 
70 | illite VA 
quartz A 
Aggregates 
.16]5.75/1.08/6.45 |100.60)2.91) y =1.580 illite illite 
—a=.030 quartz ? {14 | quarts (?) 
Homogeneous aggre- 
-67| .12/5.82/1.02) 6.73/100.61/3.37| 7.05/3.25)2.87| gates; (—); 2V=5°+ 
7 =1.588; y—a =.033 illite 5.5) illite 
[.29] .77/5.35] 8.78/3.49/3.06) Same as 7cF illite 10.5} illite 
montmorillonite-type 
clay mineral (?) 
68 | illite VA 
quartz A 
Aggregates 
-27| .32/6.00)1.22) 6.33)100.41/2.39] 6.40/3.36/3.07) 6 =1.580 illite 15.5} illite 
y—a=.025 quartz ? quartz (?) 
Homogeneous aggre- 
*43) .27/6.08/1.00) 6.77/100.56)2.20] 6.70/3.30/3.00) gates; (—); 2V =5°-+ illite illite 
=1.590; y—a =.030 
9.76/3.47/3.16| Same as 7dF illite 9.8] illite 
montmorillonite-type 
clay mineral (?) 
paring material for supercentrifuge ** Optical measurements on all samples were made using the immersion 
indicated. liquids described by 
action; F = fine colloid fraction; = = —15 R = 10% -5% 
to5m% 18%—10 VR = -5% 


-ray analyses by Dr. W. F. Bradley, 
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is uniform at the present time from the coal downward into the calcareous 
zone. The values possess no similarity to those obtained in a vertical 
sequence of samples from recent soils in which there is profile develop- 
ment. This underclay was chosen for base-exchange capacity determina- 
tions because it is one whose characteristics in the section exposed possess 
a suggestive resemblance to those of many soil profiles. 


ADDITIONAL UNDERCLAYS (SUMMARY TABLES) 
Analytical data, including mineral identifications and chemical analyses 
of additional samples of underclay taken in sequence at varying depths 
beneath coals, are summarized in Tables 5 to 8. Similar analytical data 
for miscellaneous underclay samples, not collected at definite depths be- 
neath coals, are summarized in Tables 9 and 10. 


TEXTURAL CHARACTERISTICS 


The outstanding textural characteristic of most underclays is the ab- 
sence of uniformity of orientation of the minute flake-shaped clay min- 
eral particles which make up the bulk of the clay. The individual par- 
ticles, occurring in random orientation,’ are usually less than 0.003 mm. 
in diameter. Occasionally irregular, indistinctly bounded masses show 
slight aggregate orientation (Plate 1, a), and commonly there is a thin 
zone parallel to the slickensided fracture surfaces or surrounding grains 
of quartz (Plate 1, b) in which there is a fair degree of uniformity of 
orientation. 

Underclays with a layered structure differ texturally from those with- 
out lamination or bedding by having a relatively uniform aggregate 
orientation of the clay mineral particles. 

Occasionally underclays exhibit a pellet texture (Plate 1,c and d)— 
i.e., small round aggregates of clay minerals and fine quartz are scattered 
through a matrix of the same material. The pellet masses are usually 
sharply bounded from the matrix by a shell of organic material. At times 
they are distinctive because of slightly different particle size, degree of 
uniformity of orientation of the clay mineral flakes, or abundance of 
organic material. The pellets are frequently 0.1 to 0.25 mm. in diameter, 
although some several millimeters in diameter have been found. No gen- 
eral tendency toward any orientation of the pellets has been noted. 

Organic material occurs as an irregularly disseminated pigment and in 
black opaque spots and streaks. The quartz grains, feldspars, white mica 
books, and other constituents of Fraction B are usually irregularly scat- 
tered through the clay mineral particles. Occasionally the larger quartz 
grains and flakes of white mica are concentrated in small lenticular zones. 


This is in contrast to the Pennsylvanian shales in which the large dimensions of all flakes are 
approximately parallel. See Grim (1935). 
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TEXTURAL CHARACTERISTICS 
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Taste 7—Chemical analyses 
Of fraction A from underclays of coal No. 6 


GRIM AND 


ALLEN—PENNSYLVANIAN UNDERCLAYS OF ILLINOIS 
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8—Chemical analyses 


Of fraction A obtained from underclays of coal No. 8 
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TaBLe 10.—Chemical analyses 


Of fraction A of miscellaneous underclay samples 


Sample No. 9a 9b 9c 9d lle 13a 14 
50.10 | 53.32 | 48.33 | 59 53.31 | 56.00 | 51.45 
33.76 | 31.09 | 33.27 | 25.04] 29.79] 27.72 | 26.82 
1.24 1.57 .62 2.01 1.59 2.00 2.07 
.52 .69 22 51 89 1.89 
.49 83 61 49 54 57 65 
. 26 53 .24 14 | 29 
.59 1.27 2.84 3.19 2.13 5.15 
|| Cee 1.57 1.56 2.19 1.62 1.60 2.13 1.80 
Loss on ignition...| 11.05 | 10.36 | 11.95 7.90 9.15 9.75 7.23 
iC AeA 99.96 | 100.27 | 99.52 | 100.50 | 100.20 | 100.76 | 100.36 
tee 3.34 4.30 85 1.30 1.58 2.66 87 


In the kaolinite-rich clays, books of kaolinite attaining a diameter of 0.2 
mm. may be scattered through the matrix. 

In the calcareous underclays, the calcite occurs in individual grains 
about 0.1 mm. to —0.001 mm. in diameter. These grains are scattered 
through the matrix or occur in aggregates several millimeters in diameter. 
Many of the aggregates, in the uppermost part of the calcareous interval 
of underclays which grade from noncalcareous to calcareous, have in- 
distinct boundaries and appear “eaten into” (Plate 1,e). At greater 
depths in the calcareous interval the aggregates are larger, more dis- 
tinctly separated from the matrix, and commonly possess a distinct 
nucleus of calcite or matrix material (Plate 1, f). 

Texturally all underclays studied are very similar. They differ from 
each other primarily in the relative abundance of their constituent 
minerals. 


DISCUSSION OF ANALYTICAL RESULTS 


The analytical data show that the underclays of coal No. 2 and older 
coals are usually completely noncalcareous and are composed essentially 
of kaolinite with varying small amounts of illite. Underclays of coals 
younger than coal No. 2 are calcareous or grade downward from non- 
calcareous to calcareous. Illite is the essential constituent of these clays. 
The underclay beneath coal No. 7 at places is entirely noncalcareous and 
contains kaolinite. It is, therefore, an exception to the above generaliza- 
tion. There is a suggestion that a trace of the montmorillonite-type clay 


x 
| 
= 


03 souspunge ur sawsa 


a 


St 4 


posuuse 
9229} ‘Z “ON 


TE ON GEOL 
‘Og $/T “MN ¥/T “MN 


SIT 


MOTAq 4905 04 
Q 


“MSU “S FL 
‘OL “MN “MS 


or 


“‘quepunqe Ajpenbe ynoqe 
PUB ydeoxe ‘9g SB 


SB 


“T ‘8 ‘098 
“MS “MS “GS 


P6 


-8}8UI OIUBZIO JO B 
%0z %og ‘eyuyowy %0¢ ynoqy 


*q6 SB 


“AquNOD 
“N ‘ZL ‘008 $/T “dS 


6 


10348] 904} ‘zjrenb pus Ajureyy 


Ausul snosdeuoqies ‘Apuss 


MOTIq UOZ 
-oy Avpiepun 


“AQUNOD 34098 ZI 
“N 088 “HN 


46 


JO JOJOUIVIP pus 


*SOOB}INS 
‘QalssBul 


*QUOSIUIT] 
Avpsepun 


“N GL ‘ST ‘988 $/T “MN 


*JOJOUIBIP UI UOIOTUI 
-1ed ur Ajureur “d 928) 


BUIOYBeg MOTEq 
999} 9 Avposapun 


*AquNOD OT “UW 
“N 9 ‘ee 998 “AS 


a8 


[sus %cz %eg ynoqy 


*9U04SOUIT] 
{Avprepun wequeyjeqD 


“AA OT “HN 9 
‘eg 008 ‘F/T “HN ¥/T ‘AS 


88 


UOI}ISOdUIOD 


WT] 


Aq pozueseider 
[BAIOqUI 


‘on 


fnjosapun fo sajdwos fo 926010Y74 , sashyouv fo 


| 


OTUBBIO JO JUNOW B 
%og ‘ayuyowy %0¢ 


*q6 8B 


Jamory 


*AyUNOD 


10798, 94} ‘zjrenb pues Alureyy 


S9IVJING papisusyors 
Aueul snosovuoqivs ‘Apuss 


BUIOYBag MOTEq 


“AQUNOD 3309g ZI 
“N STL ‘1% $/1 “AN 


96 


OBVIOAY OTUBZIO pus 


“N ‘ST ‘908 $/T “MN 


ur Ajureur “d 908) 


pus zj1enb jo sesue, pu’ syveljg ‘poyeu 


BUIOYBag 
992} 9 AvpsepuN 
Ut Youl-g 0} 


“N 9 ‘ee ‘908 ‘As 


48 


| 


Ul 
AjuO pues AvpsepuyQ “yueseid 
sulviZ ul %o¢ jo sepeiZ 41 


SI 9104} [809 gE 0} g 
“pIVMUMOP [BOD JO asval0ep 


*pesodxe 
-uinuun MOTeq 


“AzUNOD Z UW 
“S$ 8 ‘te 008 $/T “AN 


JO 9081} PUB JO JUNOUIB 
pus szivd jenbe Jepursure 


‘sedBJINS 
Auvul snosovuoqiva ‘ears 
‘ABINy *(GET) YOY} Seyout ‘sno 
SMO[[O} SB B[QISTAIP AT] SABpoJepuy 


“pasodxe GT 0} OT 
-oull] 
Z ‘ON [809 


“L ‘6 $/T “MS 2/T 


Zurmoys sayojed [euols 
-8900 PUB SedBjINS 


*pesodxe 
392} 0Z ‘Z “ON [800 


*AquNOD 
(008 “AN #/T “AN 


JO 
JOJUIVIP WINUIIXBY q 


YIM 
-UOISBIDQ 
Moy YPM ApuBs Bul 


“pesodxe 4003 g 
JOMO'T 


*Ayunog 
“998 $/T “MS F/T “MS 


qIt 


jO UT 4deoxe 


*gueseid 
-OUll] PouTe}s pus Ajepnio st 


*pesodxe 
429} CZ ‘'Z ‘ON [Boo 


“098 $/T “MN “MN 


SIT 


Popisusyoys 
Ausul ‘snososeuoqivs Apyysys 
-uou ‘aAIsseul ‘ABIZ 


*[809 MOTIq 3095 
Q 


*AqUNOD 
Nd “MSU FL 
‘OT ‘098 $/T “MN #/T “MS 


or 


‘guepunge ynoqe 
PUB yey, ydaoxe ‘og FB 


8B 


ssepAnyog 
“MS #/T "MS ¥/T “GS 


P6 


‘zyenb ‘oyuyowy %og woqy 


*q6 8B 


*@][TAS}}0g 


“M 
“N GL ‘2 ‘aS 


6 


“WU jo ozis UINUITXBUL 


| | | 
| | 
| 
Li | | 
| 
| | ; 


*aquAd euros snjd ‘ayrurjoey pus 
pus szivd jenbe 
0} ur % cz seddy 


a 


SMO[[O} SB BIQISLAIP 


P 922} ST 0} OT 
-oull] 
Z ON [800 usvamjeq 


*Aqun0g 
“L ‘6 ‘998 ‘MS 2/T 


Burmoys soyozed yeuors 


*pesodxe 
302} 02 ‘Z “ON [800 Avposepug 


*Ayunog 
(008 $/1 “AN “AN 


JO 
"Mos yhoqe ‘ajqvwva 


MO} ‘oseq ApuBs Bul 


*pesodxe 4003 g 
‘ABPJepUN JOMO'T 


*Ayunog 
“008 “MS “MS 


qit 


QUBPUNS [BIOUIUT JOULIO} pus 
JO st Jepureuley 
04 %¢Z souspungs ul 


*queseid 
0} ‘ABIZ Yep 03 


*pesodxe 
4293 CZ ‘ON [800 


“MIT 
‘og ‘098 $/T “MN “MN 


SIT 


“aru 
pus jo 10} Ip 
PUs JO SQUNOUIG [[VUIS 


*SQOBJINS 


Q 


Wd “MS ‘US FL 
‘OL ‘MN #/T “MS 


or 


‘quepungs ynoqe 


*q6 SB 


*AyUNOD sepANnyog 
“T ON LL ‘088 
“MS #/T ‘MS “AS 


a. 
: 


JO epeul st OU OF, snorAeid oY} Jo SB ay} SI JO Ivdspja} put [eIoUTUT 


UT 
UBY} UI SIND00 “WU 
MOTEG F Sojduus UT 
Hoge 03 [woo yywoueq Avo ur 


*ainsodxa sty} JO 

94} UI ‘ON UMOUY 

Pepisusyoys 


*L ‘ON [800 Avporepuy 


‘Te "088 ‘AS “AN 


£0°O zzrenb jo 
“ABD YSOULIOMO]T UT 
PUB OTUVZIO jo 
[suis pus ‘zzrenb ‘az Jo pesoduioy 


MOTAL 
gE 0} CZ Bururezs 


‘ON [800 


“APUNOD 
“N 8 “A LL 
‘IT ‘028 $/T “MN ¥/T “MS 


*quasold DIUBZIO pus 
0} SUIBIZ UI ZJIUNH Ut 
YIM pus az Jo 


L ynoqy jo sayour seddn ut que 
-PUNQ® 918 [BLIO}VUI pus 
pepisueyoyg [Boo moleq 


“ON [800 


*AyuNOD “N 
-y10M 


st 


Ul 
JeyIp oyeys pus AvpsepugQ “yueseid 
sayVy Ul oz]! pus 0F 
ut %o¢ jo pesoduios sapwis 4t 


SI 9104} [BOO gE g 


*pasodxe 
JO F ‘[BOO 
-umnuun uv 


“ApUNOD “UW 
“$8 ‘Ze /T “AN 


ut uvyy yuepungs 
JO 2081} pus Jo JUNOUIB 
pus o}uyosy jenbe 


“seul ‘ABIQ) “(GET) Seyour ‘sno 
499} 9 07 (BET) SedBJINS 
SMO][OJ SB BIQISTAIP 


*pasodxe CT 0} OT ‘eu0}s 
-oull] pus 
Z ON [800 


Nes “A N 
‘6 ‘908 $/T ‘MS 2/T 


| | 
| 
| 
| 


1501 


DISCUSSION OF ANALYTICAL RESULTS 


mineral is present in the finest grade size of most underclays. A distinc- 
tive mineral of the illite group occurs as the main constituent of thin 
beds (8b and 13b) in some kaolinitic underclay horizons. The presence 
of such thin beds of relatively pure material sharply bounded above and 
below by underclay composed of kaolinite is of significance in considering 
the origin of the underclays. 

Dickite (Everhart, 1936) has been recorded from some Pennsylvanian 
underclays elsewhere than in Illinois. At the present time the mineral 
has not been identified in material from Illinois. 

A few underclays show a slight increase downward in the relative 
abundance of illite (Samples la-1d); others (Samples 3a-3e) show a de- 
crease downward. There is a suggestion of a concentration of the mont- 
morillonite-type mineral at or near the top of some underclays, but 
the evidence for it is not strong. It must be concluded, therefore, that 
there is no appreciable definite vertical variation in the clay mineral 
composition of the underclays. 

There is no indication of any vertical variation due to long-continued 
selective weathering. Thus feldspars and ferromagnesian minerals con- 
stitute only a small percentage of the total bulk of the underclays, but 
their presence makes possible a comparison between the degree of weather- 
ing which has taken place since the underclays were deposited and the 
degree of weathering recorded in the weathered zones of glacial deposits 
(Leighton and MacClintock, 1930). The plastic clay comprising the up- 
per part of the weathered zones of the older drift sheets is known as gum- 
botil and it contains the montmorillonite-type (Allen, 1930) mineral 
which in part was formed in situ by the alteration of feldspars and ferro- 
magnesian minerals. The less resistant silicates, such as the basic plagio- 
clases which are present in the lower horizons, are absent in gumbotil. 
The more stable feldspars, albite and microcline, have persisted in gumbo- 
til, indicating selective decomposition. Some of the feldspars in gumbotil 
are so intricately altered to montmorillonitic material that it is impossible 
to recognize the boundary between the feldspar and the surrounding clay 
(Plate 2,a). The alteration starts at the edges of grains and penetrates 
inward, leaving the boundary between the original mineral and the result- 
ing clay extremely irregular. Ferromagnesian minerals are similarly 
affected (Plate 2, b) and, as more clay mineral forms, the amount of 
perishable minerals decreases proportionally. This alteration could not 
have taken place before deposition, because the soft products of decom- 
position would have been removed during transportation. After com- 
plete alteration no feldspar remains, and its place is occupied entirely by 
clay minerals. The absence of orthoclase and calcic plagioclase in gum- 
botil and their presence at lower horizons in the same profile support the 
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conclusion that these more easily decomposed feldspars have been more 
completely altered to clay minerals in the gumbotil. Microcline and 
albite persist in gumbotil because they withstood the alteration that 
affected orthoclase and calcic plagioclase. 

The feldspars of Illinois underclays are either clear and fresh or uni- 
formly spotted throughout with alteration products. The boundaries be- 
tween the clay minerals and the feldspars are sharp (Plate 2,c), and no 
appreciable clay minerals have formed at their edges since deposition. All 
varieties of feldspars, even the less resistant ones, remain at all depths 
including half an inch to an inch below the coal. There has been no 
selective removal as in the gumbotil. Any profile development on the 
underclays did not reach the stage at which silicate decomposition altered 
the feldspars near the coal more than those at greater depth. The ferro- 
magnesian minerals tells a similar story. In the upper zones of glacial 
profiles the amount of ferromagnesian minerals is less than that in the 
lower zones of the same profile, and hornblende and epidote in gumbotil 
are altered at the edges and along cleavage surfaces. In Illinois under- 
clays the few grains of hornblende and epidote present have sharp un- 
altered edges, and those close beneath coal are just as fresh as those at 
greater depth. Chloritic mica, probably in part originally biotite, occurs 
in the underclays at all depths and is no more altered near the coal than 
at greater depth. The only pronounced variations in the underclays are 
in the amounts of calcite, pyrite, limonite, organic material, and quartz. 

It may be argued that vertical variations existed prior to the burial 
of the underclay, and that post-burial mineralogical changes conceal all 
earlier variations. The careful search made during this study shows that 
there is no appreciable variation in the chemical composition of the clay 
mineral fraction of the underclays investigated. Since the clay minerals 
under consideration (excepting nacrite, dickite, and anauxite, which do 
not enter the problem) possess different chemical compositions, it is not 
likely that post-burial mineralogical rearrangement could conceal pre- 
burial original differences. For example, in modern soils developed on 
Pleistocene Peorian loess in Illinois, the soil-forming processes have 
caused vertical variations in the relative abundance of the clay mineral 
constituents which are mainly montmorillonite and illite. Chemical 
analyses of the clay mineral fraction clearly show this by variations in 
the content of MgO and K.O. If at some later date these soils should be 
buried and mineralogically rearranged, their vertical variations in mag- 
nesia and potash should persist. 

Different clay minerals possess different base-exchange capacities. 
Therefore, the uniform values for this property in the underclay investi- 
gated indicate no vertical variation in clay mineral constituents. If post- 
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burial alterations have concealed any pre-burial variations in base- 
exchange capacity, such changes should be reflected by variations in 
chemical composition. 

Modern soil-forming processes frequently tend to cause movement of 
material of colloidal size from one horizon of the profile to another. In 
Peorian loess soils, a concentration of such material takes place in the 
B horizon. Granting the possibilities of post-burial changes, any move- 
ment of material of colloidal size is largely a movement of clay mineral 
material and therefore should be manifest by vertical variation in the 
relative abundance of the clay mineral fraction. The analytical data 
show no evidence of any vertical variation in the relative abundance of 
the clay mineral portion of the underclays comparable to soil profiles. 

The “eaten into” character of the calcite in the transition zone and the 
character of the nodular masses which have been deposited around 
nuclei suggest that some calcite has been leached from the upper horizons 
and partly redeposited in the lower horizons of underclays which grade 
from noncaleareous to calcareous. Wanless‘ concluded from field data 
that the underclays which grade from noncalcareous to calcareous were 
originally completely calcareous. Petrographic data do not prove or 
disprove the concept that these underclays were entirely calcareous origi- 
nally. Under present-day weathering of the glacial deposits in Illinois, 
which are largely composed of illite like the calcareous underclays, the 
illite is appreciably altered before all the calcite has been leached. How- 
ever, climatic conditions are conceivable whereby calcite in extremely 
minute particles could be leached before the silicate minerals were 
altered notably. 

All available petrographic evidence points to the conclusion that post- 
deposition and pre-burial processes similar to modern soil-forming proc- 
esses have exerted little influence on the character of the underclay. 
Vertical variations in the abundance of calcite, limonite, and organic 
material in some underclays are the only appreciable results which can 
be ascribed to such processes. Except for an occasional suggestion of 
increased content of montmorillonite-type clay mineral in the uppermost 
portion of a few underclays, there is no evidence suggesting that such 
processes have caused noteworthy variations in mineral composition 
similar to those produced in a modern soil profile. It can be concluded, 
therefore, that some of the underclays yield evidence that they have not 
been subjected to soil-forming processes, whereas others indicate that 
they were subjected to such processes only to a very limited degree. 

Analyses of subsurface samples (No. 15) show that they possess the 
same characteristics as outcrop samples. These and other data obtained 


4 Personal communication. 
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from well records indicate that the characteristics of underclays herein 
discussed are not the result of processes operating at the present outcrops. 

When the underclays grade downward into sandstone or limestone, 
the change takes place by a relative increase in the content of quartz or 
calcite, respectively. The transition from underclay to shale takes 
place by a relative increase in the abundance of illite and a change in 
texture. The random orientation of the clay mineral particles character- 
istic of most underclays changes to one in which the flakes have about 
the same orientation with their long axes parallel to the laminae. 

The presence of thin zones parallel to the slickensided surfaces of the 
underelay in which the clay mineral particles are relatively more uni- 
formly oriented than in the remainder indicate that the slight movement 
along these surfaces was ample to rearrange slightly the clay minerals 
in a narrow zone. 


PREVIOUS EXPLANATIONS OF ORIGIN OF UNDERCLAYS 


From the vast literature on the origin of clay, some hypotheses have 
been selected for review here, either because the explanation was applied 
to underclays or because it merited consideration in other connections. 

The underclays of Illinois coals were among the first American clay de- 
posits to be described in a geologic report. Worthen (1866) and Wheeler 
(1896) advanced the explanation that the underclays were the old soils 
on which Pennsylvanian plants grew and that plant roots removed 
iron and alkalies from the clay. This concept has been widely held, 
although several workers (Hopkins, 1901; Stout, 1923) have shown that 
it is not in agreement with the fact that the middle and lower parts of 
some underclays are better ceramically than the upper part. If the 
extraction of iron and alkalies were due wholly to action of plant roots, 
one would expect the clay surrounding the roots to contain less of these 
elements than the clay some distance away, and consequently the clay 
should exhibit distinct vertical variations of these components. 

In Germany the belief is widespread that Tertiary Browncoals have 
caused the decomposition of underlying igneous rocks. Some investi- 
gators are so firmly convinced that the ground waters beneath moors or 
swamps are the cause of kaolinization that wherever coals are now 
absent, their former presence is postulated (Lang, 1920) as the agent of 
such decomposition. Weiss (1910) has carried on experiments to demon- 
strate that the reducing action of moor-water on greenish and yellowish 
clay of the Bunter formation brought about the relation he observed in 
East Thuringia. Yellow clays were placed in flasks containing moor- 
water and carbon dioxide. To avoid the high iron oxide content of some 
natural moor-waters, artificial moor-waters were prepared by shaking 
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freshly gathered turf with water a few times. This water contained no 
so-called humic acid and only fine particles of organic matter to act 
as reducing agents. After being in contact with the clay the water re- 
sponded to tests for ferrous iron. Over a period of 9 weeks, the moor- 
water was repeatedly changed and carbon dioxide was added; after 
washing, drying, and igniting, the clay residues were lighter in color than 
the originals. Weiss concluded from these experiments that carbon 
dioxide and reducing substances altered clay to kaolin and that through 
their activity the feldspar in the Bunter arkoses has been kaolinized. 
Stahl (1912) has observed a greenish decomposition product in kaolin 
formed by moor-water which he claims is not present in kaolins formed 
by other means. The greenish tint is due to ferrous iron leached out of 
biotite and hornblende in the presence of reducing substances. _ 

If the careful observations of Weiss and Stahl are applied to Illinois 
underclays, it is quite evident that the features of the underclays were 
not caused by bog-waters, for some of the feldspars of these underclays 
are free from alteration, and the biotite and hornblende have given up 
little or no ferrous iron to produce a greenish tint. If the activity of bog- 
waters is indicated by the kaolinization of feldspar and by the decomposi- 
tion of biotite and hornblende in situ, the activity of bog-waters upon 
Illinois underclays has been nil. The present condition of the underclays, 
therefore, cannot be ascribed to the leaching effect of bog-waters upon 
them after their deposition. 

Some investigators (Stremme, 1912; Endell, 1910) ascribe the present 
condition of underclay to the action of the carbon dioxide which, 
they believe, is liberated during the transformation of vegetable matter 
into coal. The action of carbon dioxide would be indicated by alteration 
of the sil :ate minerals. As noted previously, such alteration has not 
taken pla 

Some students, who consider the noncaleareous portion of underclays 
which grade from noncalcareous to calcareous as the leached portion of 
underclays originally entirely calcareous, explain the leaching as due to 
the activity of sulphuric acid liberated by the oxidation of pyrite and 
carried by groundwater which moved along coals as channelways. The 
abundance of gypsum on the outcrops of some underclays proves clearly 
that sulphuric acid was active at and near exposed surfaces. Leached 
zones, however, are not limited to outcrops, inasmuch as underclays in 
some of the deepest coal mines of the State are leached. At a depth of 
470 feet below the surface in Orient No. 1 Mine, West Frankfort, second- 
ary calcite has been deposited in the underclay below coal No. 6. It is 
difficult to understand why calcite was deposited here and gypsum at the 
surface, if leaching at both places took place as sulphate solutions. A 
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perplexing problem in this connection is the source of the oxygen required 
to oxidize pyrite at depth, for Parr and Barker (1909) have established 
the avidity of coal for oxygen, and there should be a strong tendency 
for coal to remove oxygen from groundwater moving along the coal. 
Furthermore, there is sufficient pyrite in the calcareous underclay in con- 
tact with coal No. 5 near St. David to furnish enough sulphuric acid to 
have removed the calcium carbonate from the upper part had oxidation 
taken place. The structure and the characters of this coal are not dif- 
ferent from those of the coals that overlie leached underclays and should 
allow an equally free movement of underground waters. It seems likely, 
therefore, that water has not been excluded from the underclays beneath 
the St. David coal, but rather that circulating waters were deprived of 
oxygen, so that sulphuric acid was not formed from the pyrite. Thus, 
the hypothesis that groundwater has moved along coals as channelways, 
has oxidized pyrite, has liberated sulphuric acid, and has leached the 
carbonates from the upper part of the underclays is not convincing. 

Stout’s (1923, p. 545) hypothesis is embodied in the following statement 
quoted ‘rom his conclusions: 

“The clays, therefore, appear to have formed in swamps during periods of decay 
of plant life, and to be made up primarily of terrigenous sediments, modified by 
plant action and other agencies, and secondarily of insoluble portions of the plant 
ash. There was no break in the plant life during the formation of clay and coal 
but a change in the degree of decomposition or decay. 

“Tt seems as reasonable to believe that there were periods of complete decay 
of the plant remains as to believe that there were periods of preservation when the 
vegetable matter was preserved as coal. If coals represent the latter condition, then 
clays mark the former.” 

Stout’s concept is not clear, particularly as an explanation of the com- 
position and distinctive properties of the underclays. 

A few writers have suggested that the underclays were deposited by 
the wind, but the stratificacion and the lenses of sand in some underclays 
are more suggestive of accumulation in water. The particle size char- 
acteristics of the underclays are unlike those of generally recognized 
eolian sediments. The flattened clay pellets are also suggestive of depo- 
sition in water. Pennsylvanian land surfaces have been pictured as 
areas overgrown with dense coal-forming vegetation, and barren areas 
furnishing vast quantities of dust to form underclays do not fit into the 
picture. For these reasons and because there is no positive evidence for 
an eolian origin, such an explanation does not seem satisfactory. 

Some writers have considered the underclays as aqueous sediments, 
which have undergone no post-depositional alteration but have been 
subjected to purification during or prior to accumulation. Thus, Hodson 
(1927) states that underclays were altered by chemical agents present in 
the swampy environment in which they were deposited, and Lovejoy 
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(1923) considers that the material of the underclays was transported 
through swampy areas and there purified. 


SEDIMENTARY HISTORY SUGGESTED BY MINERAL COMPOSITION 
AND TEXTURE 


The mineralogical and textural data favor an aqueous environment of 
deposition for the underclays. They do not however indicate whether it 
was marine or nonmarine. Weller (1930) has presented evidence for a 
nonmarine environment, and this general conclusion is favored by the 
presence of fresh-water limestones with many underclays. 

Most of the underclays do not appear to have been altered, after accu- 
mulation and before burial, by any processes similar to those forming 
modern soils. Other underclays have been affected only very slightly by 
such processes. The question may be raised whether or not the under- 
clays are composed of such resistant material that weathering processes 
could operate for a considerable interval of time without producing any 
notable effects. Investigations of weathering processes, particularly in 
relation to loess (Bray, Grim, and Leighton) in Illinois which contains 
much illite, have indicated that illite is easily altered by weathering proc- 
esses. This indicates, therefore, at least when illite is the important con- 
stituent, that the underclay would readily show the results of weathering 
processes. The data from the silicates other than the clay minerals 
provide the same indication. 

The question arises as to whether the underclays have undergone 
mineralogical changes due to processes other than those of surface altera- 
tion. It is conceivable that the illitic underclays may have been deposited 
as montmorillonitic mud in an environment containing alkalies. Because 
of its adsorptive ability, potash and other alkalies could have been taken 
up by the montmorillonite, and later, probably after burial, a change to 
illite could have taken place. Likewise, it is conceivable that the kaoli- 
nitic underclays may have been deposited as montmorillonitic mud in a 
relatively alkali-free environment. After burial alteration to illite would 
be prevented by the absence of potash and other alkalies, and a change 
to kaolinite may be postulated. A mixture of illite and kaolinite would 
develop from material containing limited amounts of potash. From this 
postulate, it would follow that the kaolinitic underclays accumulated in a 
nonmarine or brackish-water environment and that the illitic ones were 
deposited in a marine environment, unless it is considered that the potash 
infiltrated into the material after deposition. The uniform composition 
and widespread distribution of the illitic clays and the absence of a satis- 
factory source of the potash are arguments against post-accumulation 
infiltration of alkalies. 
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An alternative under this postulate is the deposition of all underclays 
as kaolinitic material. Because of the absence of potash the earlier 
underclays would not be altered, whereas the younger ones, upon obtain- 
ing accessible potash, would later be changed to illite. The low adsorptive 
ability of kaolinite and the pronounced difference in make-up of kaolinite 
and illite make this suggestion improbable. 

It cannot be considered that the kaolinitic clays were originally de- 
posited as illite because change from illite to kaolinite requires the re- 
moval of potash and magnesia, as in weathering processes. It has 
previously been pointed out that such alteration did not occur. 

No evidence for such post-depositional changes in the clay mineral 
composition of the underclays can be presented, but strong evidence is 
available against it. The kaolinitic clays occasionally contain thin defi- 
nite horizons of clay composed of a distinctive member (Grim and 
Bradley) of the illite group interlaminated in the underclay. It is not 
likely that a mineralogical change would have affected all the material 
except that in a very thin definite bed, or that it would have caused a 
different change to take place in such a thin bed. The absence of uniform 
orientation of the clay mineral flakes in the illitic clays is evidence also 
against post-burial alteration. It is believed ® that when illite develops 
from another material under the compacting weight of overlying material 
the tendency is for all flakes to form with their long axes normal to the 
compacting weight. In other words, the development of illite after burial 
would probably cause the rock to be laminated. It may be argued that 
the illite developed after accumulation but before burial. However, unless 
one accepts the transformation as taking place without any compacting 
force, which is very unlikely, an orientation of clay minerals would prob- 
ably take place. 

As indicated, certain of the conceivable mineralogical changes imply a 
fresh-water environment for some underclays and a brackish-water en- 
vironment for others. This is not in agreement with the occurrence of 
fresh-water limestones in both kaolinitic and illitic underclays. 

The alternative concept and the one favored by the authors is that the 
underclays have suffered no mineralogical rearrangement—i.e., the ma- 
terial accumulated with its present clay mineral constitution. Under this 
interpretation, the source area supplied material of different character in 
early Pennsylvanian time when kaolinite clays were deposited and in 
later Pennsylvanian time when illitic material accumulated, unless the 
material came from different source areas. At the present time kaolinite 
is a weathering product formed in quantities under certain climatic con- 
ditions. This suggests a different climatic environment in the source area 


5 This subject will be gone into in greater detail in a later paper by Grim. 
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in early and later Pennsylvanian time. However, in a kaolinite-producing 
environment one would expect to find kaolinite at the top of the weather- 
ing residuum grading downward into less altered material which might be 
illitic. Consequently, the lower Pennsylvanian underclays may have 
been derived from the upper part of the residuum, and the upper Penn- 
sylvanian underclays from the lower part of the residuum. Examples of 
underclays containing kaolinite are known beneath coals younger than 
coal No. 2, but they are believed to be local. 

The most distinctive characteristic of the underclays and the one which 
must be accounted for in any satisfactory explanation of their sedi- 
mentary history is their content of many small slickensided fracture sur- 
faces. Weller (1931) and Wanless * have suggested that the deposition 
of the underclays was followed by an interval of nondeposition and ex- 
posure. The vertical distribution of calcite, organic material, and limonite 
also indicates this conclusion, although the clay mineral data show that 
the exposure was not of sufficient duration for the alteration of the clay 
mineral constituents. Since the slickensided surfaces do not continue into 
overlying or underlying beds, and it has been shown that there was no 
post-burial mineralogical change of the clay, this character must have 
developed before burial. In view of these considerations, the most satis- 
factory explanation is that the slickensided surfaces are due to drying 
out and shrinking of the material in the brief interval during which it was 
exposed. A contributing factor may have been the abundant organic 
material distributed through the clay. Much of this material is carbon- 
aceous, showing that the original accumulation of clay contained frag- 
ments of wood. Decomposition of this material on exposure to the atmos- 
phere, following the drying out of the clay, may have produced small 
cavities which were closed by slippage of the clay along small fracture 
surfaces. This factor is suggested by the relatively increased abundance 
of organic material along many of the fractured surfaces. 
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1—PHOTOMICROGRAPHS OF UNDERCLAYS 


(a) Areas in matrix showing uniformity of orientation of clay mineral particles; 
lower Pottsville underclay, Goose Lake area, Grundy County. X-nicols. X300. 

(b) Uniformly oriented matrix particles enclosing grains of quartz; lower Pottsville 
underclay, Goose Lake area, Grundy County. X-nicols. X300. 

(c) “Blue band” clay parting in coal No. 6, Franklin County, Illinois. Light areas 
are flattened pellets. Dark line is rootlet. X46. 

(d) Pellet structure in underclay below coal No. 2, near Ripley, Illinois. Dark 
area is carbonaceous material. X35. 

(e) Partially “eaten into” nodule of calcite; underclay below coal No. 8, near 
Fithian, Vermilion County. X20. 

(f) Nodule of calcite with central nucleus of matrix material; underclay below 
coal No. 8, near Fithian, Vermilion County. X30. 
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PHOTOMICROGRAPHS OF GUMBOTILS AND UNDERCLAYS 
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EXPLANATION OF PLATES 


Pate 2.—PHOTOMICROGRAPHS OF GUMBOTILS AND UNDERCLAYS 


(a) Feldspar in Kansan gumbotil altered in situ to montmorillonitic material. 
Boundary is so irregular that it is difficult to draw a dividing line between 
clay mineral and feldspar. (F) is a remnant of the unaltered feldspar. Fairfield, 
Iowa. X80. 

(b) Epidote (E) altered to montmorillonitic material in Illinoian gumbotil. Origi- 
nal outline discernible. Speck of epidote enclosed by the clay mineral. Illinois 
Central R. R. cut near Salem, Illinois. X46. 

(c) Fresh andesine feldspar (F) in underclay haif an inch below coal No. 7. 
Boundary sharp. Chillicothe, Illinois. X80. 

(d) Underclay 5 feet below coal No.6. Orient No. 1 Mine, West Frankfort, Illinois. 
Secondary calcite crystals fill former cavity near center. X46. 
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1. Geologic map and structure sections of part of the west margin of the Laramie 

ABSTRACT 


The Laramie Basin is, in general, a northward-plunging syncline between the Lara- 
mie Range on the east and the Medicine Bow Range on the west. The dominant 
structural elements in the south end of the basin, near the junction of the ranges, are 
five northward-trending anticlines and the intervening synclines. The east flanks of 
three anticlines are cut by westward-dipping thrusts; northward, each thrust passes 
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into a tear, which cuts westward across the axis of the anticline near the north end of 
the pre-Cambrian crystalline core. The thrust and tear constitute a scoop-shaped 
fault surface along which the block above the fault moved relatively upward to the 
northeast. The west flank of a fourth anticline is cut by an eastward-dipping thrust, 
which passes southward and eastward into a tear against which the pre-Cambrian core 
of the anticline terminates. It is believed that the folds, thrusts, and tears were 
formed under east-west compressive stress applied to a laterally uniform sheet of 
sediments overlying pre-Cambrian igneous at metamorphic rocks of varying com- 
petence. 

Two en echelon synclines immediately east of the Medicine Bow Range are cut by 
westward-dipping thrusts. The west flank of the syncline has moved relatively east- 
ward onto the east flank. Along the thrusts at the surface there are drag blocks 
younger than either of the two formations in contact along the fault. 


INTRODUCTION 


The Rocky Mountain Front Range of Colorado divides, a few miles 
south of the Wyoming State line, into two major anticlines, the Laramie 
Range (Fig. 1) on the east and the Medicine Bow Range on the west. 
Between the two is the Laramie Basin, a generally synclinal area. The 
Laramie Range extends northward across eastern Wyoming from the 
State line for approximately 100 miles, thence trends westward, and termi- 
nates in central Wyoming a few miles southwest of Casper. The range is 
an asymmetric anticline, whose exposed pre-Cambrian core varies in 
width from 15 miles, near the State line, to 30 miles southeast of Casper. 
The Paleozoic and Mesozoic beds on the west side of the range dip west- 
ward at low angles. In numerous places on the east side the beds are 
overturned and cut by westward-dipping thrusts. Less than 10 miles 
south of Casper a thrust of some thousands of feet displacement dips to 
the south. The Medicine Bow Range, whose maximum width is 30 miles, 
extends northward 50 miles from the State line and dies out approximately 
40 miles east of Rawlins. 

It has long been known that many of the anticlines in the Laramie 
Basin are strongly asymmetric, with steeper east limbs, and that in the 
border zone along the east side of the Medicine Bow Range there are 
westward-dipping thrusts. Nevertheless, published maps and structural 
studies along the west margin of the basin lack details necessary for an 
adequate understanding of the structure, and some of the interpretations 
are untenable in the light of recently acquired data. The present study 
was undertaken by the Geological Survey of Wyoming to obtain detailed 
maps and interpretations of the structure of the southwest margin of the 
basin, where the pre-Cambrian, Paleozoic, and Mesozoic rocks are best 
exposed. It is hoped that this information will advance the understand- 
ing of Rocky Mountain structure, particularly the genetic relations of 
en echelon folds, thrusts, and tear faults. The study may also facilitate 
structural interpretation in other areas where only isolated surface ob- 
servations or subsurface data can be obtained, as in some oil fields in the 
Laramie Basin. 
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The area covered by the writer was mapped by the Fortieth Parallel 
Survey (King, 1876, Map I). Darton and Siebenthal (1909, Pl. I) 
mapped, on a scale of approximately 1 inch = 7 miles, the entire Lara- 
mie Basin and the borders of the adjacent ranges as far south as the 
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Ficure 1—Index map of the south end of the Laramie Basin 


Colorado line. Their structure sections (Darton and Siebenthal, 1909, 
Pl. VIII) show faults along the northeast side of Boulder Ridge, the east 
and west sides of Jelm Mountain, the east side of the portion of the 
Medicine Bow Range west of Jelm Mountain, the east side of Sheep 
Mountain, and along the southwest side of the Centennial Valley. All 
these faults are represented as vertical normal faults. Darton, Black- 
welder, and Siebenthal (1910) provide a map on a scale of 1:125,000 of 
the southern part of the Laramie Basin as far west as the 106th meridian. 
The structure sections indicate that Darton and Siebenthal, the authors 
of the section on structure, had not changed their views as to the nature 
of the faults. 

The entire area mapped by the writer is included in topographic sheets, 
the part east of the 106th meridian in the Laramie quadrangle, on a scale 
of 1:125,000 and a 50-foot contour interval, and the part west of this 
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meridian in the Medicine Bow quadrangle, on the same scale, but with 
a 100-foot contour interval. 

Approximately 150 square miles are included in the area mapped. All 
parts of the area where detailed observations could be made were mapped 
with plane table, generally on a scale of 1 inch = 1000 feet. The scale 
of 1 inch = 500 feet was used for several small areas where it was neces- 
sary to subdivide formations to obtain an understanding of the struc- 
ture. Less than half of the 150 square miles was covered by plane table, 
inasmuch as large areas are composed of pre-Cambrian igneous and 
metamorphic rocks or are covered by alluvium. Field work was begun 
in the Fall of 1932 and finished in the Fall of 1937. 

The writer acknowledges the valuable suggestions and assistance re- 
ceived from his colleagues of the Geology Department of the University 
of Wyoming, Dr. 8. H. Knight, State Geologist of Wyoming, Dr. H. D. 
Thomas, and Mr. R. L. Nace. He also wishes to express thanks to his 
field assistants, C. E. Bradford, Joseph Neely, and J. H. Heathman. 


TOPOGRAPHY AND DRAINAGE 


The Laramie Basin (Fig. 1) is a rolling plain rising from altitudes of 
about 7000 feet in the north and central portions to 7500 feet near the 
Colorado line. From the east side of the basin there is a gradual ascent 
to the crest of the Laramie Range, which attains an altitude of about 
8500 feet, 5 miles east of the edge of the basin. Eastward from the crest 
a gently rolling surface descends toward the Great Plains. Boulder 
Ridge, which projects into the southeast end of the basin, descends from 
8700 feet at the State line to about 7500 feet at the north end. On the 
west border of the basin, Ring, Jelm, and Sheep mountains stand in front 
of the east border of the Medicine Bow Range. Their sides are steep, 
but their tops are beveled by a gently rolling surface at altitudes around 
9000 feet. From the Centennial Valley and the Laramie River west of 
Jelm Mountain there is a steep rise to the rolling upland surface on the 
Medicine Bow Range at about 9500 feet. In the central portion of the 
range a prominent ridge—Snowy Range—reaches a maximum altitude 
of 12,000 feet in Medicine Bow Peak, 10 miles west of the Centennial 
Valley. 

The south and southwest parts of the main embayment of the Lara- 
mie Basin are drained by Sand Creek and the Laramie River, a main 
tributary of the North Platte. The Centennial Valley is drained by the 
Little Laramie River, which joins the Laramie River approximately 10 
miles beyond the north boundary of the index map (Fig. 1). 

From the bases of the steep east faces of Ring Mountain and Jelm 
Mountain a gently sloping surface descends toward the lower part of the 
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basin and bevels the Paleozoic and Mesozoic beds. In numerous places 
this surface is underlain by a thin layer of gravels consisting predom- 
inantly of pebbles and boulders of pre-Cambrian igneous and meta- 
morphic rocks. This surface is probably a pediment. Similar pedi- 
ment-like erosion surfaces flank the east, north, and west sides of Sheep 
Mountain and the east side of the Medicine Bow Range opposite the 
northern part of the Centennial Valley. The “terrace gravels”, which 
cover large parts of the Laramie Basin and the Centennial Valley floors, 
are probably genetically connected with the cutting of the pediment-like 
surfaces. 
STRATIGRAPHY 


GENERAL STATEMENT 


The stratigraphic units used for areal mapping are essentially those 
of Darton and others (1910, p. 5-14). Certain minor changes, principally 
in subdivision, were made as noted below. Since the stratigraphy of the 
Laramie Basin is well known, the writer did not make detailed measure- 
ments of the stratigraphic sections. The thicknesses given in the follow- 
ing table have been obtained from various publications or from data 
gathered by students and faculty of the University of Wyoming on the 
east side of the Centennial Valley. The thicknesses are probably accurate 
within ten per cent. 


SPECIAL NOTES ON NOMENCLATURE 


The Casper formation of Darton and others (1910, p. 5-6) was subdivided by Knight 
into Fountain and Casper. He discusses their genesis and gives thicknesses of both 
(Knight, 1929, p. 14, 52) in a number of localities in and adjacent to the area mapped 
by the writer. 

A detailed section of the Satanka, Forelle, and Chugwater two miles south of Ring 
Mountain is given by Thomas (1934, p. 1690). He demonstrates that the lower part 
of the Chugwater is of Permian age and clarifies some misconceptions as to strati- 
graphic relations of the Satanka and Forelle. 

The term Chugwater, as used by Darton and Siebenthal (1909, p. 22-25), designated 
all the red beds above the Forelle limestone. Knight (1917) says: 


“It is now known, especially throughout the Laramie Plains region, that the upper 
250 feet of the Chugwater is separated from the underlying portion by a disconformity, 
and that the portion lying above the break is equivalent to the Dolores formation 
of southwestern Colorado. The evidence for correlating this upper 250 feet . . . with 
the Dolores lies in the presence of a pebble conglomerate composed of small limestone 
pellets, wood fragments, and fragmentary remains of Triassic vertebrates. This 
peculiar conglomerate is identical in its lithological and stratigraphical habit with the 
typical Dolores conglomerate, and it contains similar fragmentary remains.” 


He proposed that the name Jelm formation be used for the beds above the discon- 
formity, restricting the Chugwater to the lower beds. The writer found this subdivision 
convenient because the Jelm stands out in higher relief than the Chugwater below 
and the Morrison and Sundance above; moreover, the Jelm is a thin unit in a part 
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of the column where thin, easily distinguishable units are necessary for understanding 
the structure. 

The Sundance formation is not recognized in the southern part of the area, but it 
may be represented by 10 to 20 feet of non-fossiliferous yellow sandstone below the 
Morrison shale. A few feet of beds bearing Belemnites densus is present at the south 
end of Sheep Mountain, and the formation thickens northward. Neely (1937, p. 744) 
gives a detailed section measured near Centennial. 

The Morrison formation is so well-defined and generally recognized that no com- 
ment is necessary. 

The term Cloverly formation was applied by Darton and others (1910, p. 9) to 
the lower and lower-middle members of the Dakota group (Table 1). They included 
the upper-middle and upper members in the Benton group. In the Rock Creek oil 
field, 25 miles north of the north end of Sheep Mountain, Dobbin and others (1929, 
p. 139) use the term Cloverly in the same sense. Because of the convenience of draw- 
ing contacts at the bottom of a well-defined conglomeratic sandstone and at the top 
of a ridge-forming sandstone, the writer preferred to place all the sandstones in one 
stratigraphic unit and to use the term Dakota group as defined by Lee (1927, p. 18). 

The term Benton group, as used in this paper, is a restriction of the term Benton 
shale of Darton and others (1910, p. 9), since the top of the Dakota group is drawn 
higher than the top of their Cloverly formation. The division of the Benton group 
into formations is that of Dobbin and others (1929, p. 189), except that their Ther- 
mopolis shale includec ‘he upper beds of the Dakota group. The writer’s map (PI. 1) 
does not show the subdivisions of the Benton group, because they can be distin- 
guished only in areas of excellent exposures. They were recognized in the field in 
many places and were useful for structural interpretation. Thomas (1936) has shown 
that the fauna of the so-called Carlile of the Laramie Basin is of Niobrara age. This 
became known after a large part of the present writer’s mapping had been finished. 
Shifting the lower boundary of the Niobrara formation down to the top of the Wall 
Creek sandstone also involves the practical difficulty of recognizing the Wall Creek, 
which, in the area mapped, is exposed only in a few places. 

The terms Niobrara, Steele, Mesaverde, and Lewis are here used in the same 
sense as by Darton and others (1910, p. 9-10) and by Dobbin and others (1929, p. 
139-142). 

It is not certain that all the sediments mapped as White River are of that age. 
They are, however, closely similar in lithology to undoubted Oligocene sediments in 
the Great Plains area. A jaw with teeth found by S. H. Knight in the ash in the 
SW% sec. 12, T. 14 N., R. 78 W., was identified by Edwin H. Colbert of the American 
Museum of Natural History as belonging to the genus Leptomeryzx. Colbert? states 
that the specimen is almost certainly of upper Oligocene (Brule) age. 


STRUCTURE 
GENERAL STATEMENT 


The Laramie Basin is, in general, synclinal, but within the major syn- 
cline there are a number of minor folds. The northwesterly plunging 
Boulder Ridge anticline (Fig. 1) extends into the south end of the basin. 
Along the west side of the basin in Wyoming there are four anticlines 
whose pre-Cambrian cores are exposed. Of these, Ring Mountain, Jelm 


1 Personal communication. 
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Mountain, and Sheep Mountain are in echelon arrangement with their 
north ends on a line extending north-northwest. Northeast of Ring 
Mountain a small exposed pre-Cambrian mass, not given a separate name 
on the topographic sheet, is here called East Ring Mountain. It is dis- 
tinctly out of the north-northwest echelon arrangement of the other three 
anticlinal mountains. 

One or more sides of each of the five smaller pre-Cambrian masses al- 
ready mentioned, and also a large part of the west boundary of the 
Medicine Bow Range, are faulted. 

FAULT TERMINOLOGY 


Definitions of accepted and extensively used terms may here seem 
superfluous. Many terms, however, are used in various senses and with 
various restrictions. 

A thrust fault, or thrust, is a fault with a dip of less than 45° and 
along which the hanging wall has moved upward relative to the footwall; 
movement parallel to the strike of the fault has been slight. 

A reverse fault is a fault with a dip of more than 45° and along which 
the hanging wall has moved upward relative to the footwall; movement 
parallel to the strike of the fault has been slight. 

A normal fault is a fault of high dip along which the hanging wall has 
moved downward relative to the footwall; movement parallel to the 
strike of the fault has been slight. 

A tear fault, or tear, is a vertical or nearly vertical fault along which 
the major component of movement was horizontal and parallel to the 
strike of the fault. 

A bed is followed along the ground surface to a fault. If the bed is 
found at the surface on the opposite side of the fault to the right of the 
course followed, the fault offsets the bed to the right; if the bed is found 
at the surface on the other side of the fault to the left of the course 
followed, the fault offsets the bed to the left. 


BOULDER RIDGE AREA 


The crest of Boulder Ridge (Fig. 2) is a narrow band of pre-Cambrian 
rocks, principally coarse potash granites. The Fountain and Casper for- 
mations lie in normal stratigraphic position on the southwest side of 
the ridge and dip 15° southwest. On the northeast side of the ridge 
the sediments from Fountain to Chugwater outline a strongly asym- 
metric anticline, which plunges northwest, except in section 19, where 
there is evidence of reversal of direction of plunge to southeast. 

The dip of the Forelle in section 12 is 50° on the northeast flank, and 
10° to 15° on the southwest flank. West of the anticline in sections 1, 
2, and 12 is a strongly asymmetric syncline on the southwest flank of 
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which the Forelle stands vertically. Beyond the north end of the ridge, 
in section 2, the Casper and Satanka outline another asymmetric anti- 
cline. The axial planes of all three folds dip southwest. 

The northeast boundary of the pre-Cambrian is a fault, which, in 
section 19, brings pre-Cambrian into contact with upper Fountain. To 
the northwest the pre-Cambrian is in contact with successively younger 
beds and, in section 12, pre-Cambrian rocks are in contact with the lower 
Chugwater. In section 13 a block of Fountain between a pair of branch- 
ing and rejoining faults is bounded on the west by pre-Cambrian and 
on the east by upper Casper and lower Satanka. A similar block between 
faults in section 12 consists of Satanka lying on Forelle, which dips 50° 
to the southwest. Two facts show that the fault is a thrust dipping south- 
west: the location of the fault between the Boulder Ridge anticline and 
the syncline whose axial plane dips southwest and the overturning of 
beds near the fault. The minimum displacement increases from 500 feet 
at structure section B-B’ to 1000 feet at structure section A-A’. These 
figures do not, however, represent true displacement. They were obtained 
by scaling along the fault from the ground surface to the bottom of the 
Fountain in the block beneath the fault. Undoubtedly the bottom of 
the Fountain in the block above the fault was higher than the present 
surface trace of the fault. 

In sections 12, 11, and 2 the strike of the fault changes from N. 45° W. 
to due west in a horizontal distance of approximately 1500 feet. The 
position of the surface trace of the axial plane of the Boulder Ridge anti- 
cline south of the fault cannot be accurately determined. If the con- 
servative assumption is made that the surface trace here lies about in 
the middle of the pre-Cambrian, the surface trace has been offset left 
by the fault approximately 500 feet. Farther west the bottom of the 
Satanka in the block north of the fault is in contact with lower Casper 
in the block south of the fault. 

In the SE 14 sec. 2 a fault striking northeast offsets the Forelle and 
Satanka left 50 to 100 feet. Since the Forelle here stands vertically 
and the strike of the fault is normal to that of the Forelle, offset could 
be produced only by movement parallel to the strike of the fault. This 
fact and the location of the minor fault in front of a thrust indicate that 
the minor fault is probably a tear. 

No deep gulches cross the northeast side of Boulder Ridge. Conse- 
quently it was impossible to obtain direct observations on the dip of 
the thrust. The 50° dip of the overturned Forelle in the NW 1% sec. 12 
and the dip of 40° for the thrust along the east side of Sheep Mountain 
in sec. 27, T. 14 N., R. 77 W., where pre-Cambrian is faulted against 
Fountain, indicate that the probable dip of the Boulder Ridge thrust is 
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about 40°. The writer’s conception of the shape of the fault surface 
and the relative movements of major blocks is as follows: 

The Boulder Ridge block lies on a scoop-shaped fault surface. The 
northeast side of the scoop dips about 40° southwest near the present 
land surface. At the north end of Boulder Ridge the strike of the fault 
changes progressively from northwest to west. The dip of the fault also 
progressively steepens in the extreme northeastern part of section 11. 
The dip of the fault presumably approaches 90° in the NW 1 sec. 11. 
The Boulder Ridge block moved relatively upward and northeastward 
along the scoop-shaped fault surface. The maximum displacement was 
in the SE 14 sec. 12, where the pre-Cambrian now lies on the Forelle in the 
southwest flank of the next anticline northeast of Boulder Ridge. South- 
eastward from here the displacement of the fault decreases, and the fault 
dies out in this direction in the northeast flank of Boulder Ridge anti- 
cline. From the place of maximum displacement in the SE 4 sec. 12, dis- 
placement also decreases northwestward. The front of the Boulder 
Ridge thrust block was thus bent into an are with its convex side facing 
northeast. 

At the north end of the ridge the block above the fault moved rela- 
tively northeastward up the steep northern part of the scoop-shaped 
fault. The direction of movement on the fault would thus be along a 
line plunging nearly southwest and making, on the fault, a large angle 
with lines drawn in the direction of dip of the fault. The fault here 
would be classified as a type intermediate between tear and reverse 
fault. The left offset of the surface trace of the axial plane of the 
Boulder Ridge anticline indicates that there was an important east-west 
component of horizontal movement. The fact that the bottom of the 
Satanka in the block north of the fault in section 2 is in contact with 
the lower Casper in the block south of the fault shows that, if the dip 
of the fault is here 90°, the plunge of the direction of motion must be 
greater than 15°, the dip of the beds at this place. Otherwise the bot- 
tom of the Satanka would be offset in the opposite direction. 


SOUTHERN AREA 


East and North Sides of Jelm Mountain——The upper few feet of the 
vertical prospect shaft near the middle of the east boundary of section 
25, T. 13 N., R 77 W. (PI. 1), is in pre-Cambrian schists and metadia- 
bases. The shaft is caved in, so underground observations could not be 
made. The size of the dump indicates that the shaft is probably not 
more than 100 feet deep. The last material thrown onto the dump con- 
sists of Fountain arkosic grits and red shales. Several hundred feet 
southeast of the shaft cross-laminated Fountain arkosic grits dip 60° 
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west. The pre-Cambrian clearly lies on the Fountain, either as a result 
of a westward-dipping fault or overturning of the east limb of the Jelm 
Mountain anticline. 

Northeast from here in sections 24, 19, and 18 there is clear evidence 
of faulting. The pre-Cambrian is in contact with all formations up to 
and including the Chugwater. Two facts show that the fault is a west- 
ward-dipping thrust: the location of the fault along the flank of an anti- 
cline overturned eastward and the 45-degree dip of the overturned Foun- 
tain beds in the SW 14 sec. 18. Near the center of section 18 pre-Cam- 
brian lies on upper Chugwater. Beds approximately 1500 feet thick have 
been faulted out. A conservative minimum estimate is 2000 feet displace- 
ment. Inasmuch as the sediments have been eroded from the north- 
west block, true displacement cannot be obtained. In the NE \4 section 
18, the thrust divides. The two branches continue along roughly parallel 
courses northward to the northeast end of Jelm Mountain, here change 
strike to northwest, and continue in this direction to the floodplain of 
the Laramie River in section 31, T. 14 N., R. 76 W. The branches prob- 
ably rejoin beneath the alluvium. 

In sections 5 and 8, T. 13 N., R. 76 W., a minor fault extends south- 
east from the inner of the two major faults, offsets to the left beds up to 
and including those of the Dakota, and produces no comparable offset 
of the outer main fault. In sections 6 and 5 a minor fault striking 
northeast offsets beds up to and including the Dakota and offsets the 
outer fault approximately 50 feet. Four minor faults in the NE 14 section 
6 offset beds up to and including the Forelle. The outer fault may be 
offset, but it here forms the boundary between lower Chugwater and 
Jelm, a part of the column in which there are no easily distinguishable 
continuous beds. Because of the absence of positive evidence of offset, 
the outer main fault was mapped as continuous. 

A branch fault striking west leaves the inner main fault in the NW 4 
sec. 6. Near the junction with the inner main fault, Satanka is in con- 
tact with lower Fountain. Farther west the bottom of the Casper is in 
contact with lower Fountain. The fault probably dies out in the Foun- 
tain in the NE 14 sec. 1. The northeast corner of Jelm Mountain in 
sections 6 and 7 is a fault block bounded on three sides by a continuous 
fault consisting of the inner main fault and the branch fault. The fault 
blocks on the outside of this are are all downthrown in relation to the 
block forming the northeast corner of Jelm Mountain, as shown in the 
southeast half of structure section C-C’ (Pl. 1). 

An anticline is shown by the repetition of the Morrison on both sides 
of the strip of Jelm in sec. 31, T. 14 N., R. 76 W. The dip of 5° to the 
north in the Jelm, and the exposure of Dakota in the S% sec. 30, indi- 
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cate a northwest plunge. This anticline is probably expressed by the 
blunt northeastern projection of pre-Cambrian in section 6, in which 
case, the axial plane has not only been offset by the faults, but has been 
twisted in a horizontal plane through an angle of about 60°. 

The writer’s conceptions of the shape of the main fault surface and 
the relative movement of the main blocks, closely similar to those given 
for the Boulder Ridge area, are as follows: 

The Jelm Mountain fault, at the southeast end of the Mountain, dies 
out in the overturned east limb of the Jelm Mountain anticline. The 
fault surface is scoop-shaped, with the southeast part dipping about 40° 
west-northwest. In sec. 18, T. 13 N., R. 76 W., the fault branches to 
form two scoop-shaped surfaces, which join in depth. In section 31, T. 
14 N., R. 76 W., and sections 5 and 6, T. 13 N., R. 76 W., the two frac- 
tures dip steeply to the southwest. The Jelm Mountain block moved 
relatively upward to the northeast or east-northeast. The fault along 
the southeast side of Jelm Mountain is a thrust. The two main faults 
along the northeast side of the mountain are intermediate between a tear 
and a reverse fault. The faults dip steeply to the southwest, and the 
direction of movement on the faults plunges between southwest and 
west. One marked difference from relations at Boulder Ridge is that 
there is evidence, discussed more extensively in the section on the struc- 
ture of the south end of Sheep Mountain, that the two faults along the 
northeast end of Jelm Mountain join beneath the alluvium of the Lara- 
mie River to form a single fault of modified tear type, which crosses the 
westward-dipping thrust along the east side of Sheep Mountain, and may 
continue west to the south end of the Centennial Valley. 

The minor fault in sections 5 and 8 is probably a tear which permitted 
transfer of movement from one thrust to the other. Its position parallel 
to the two main faults along the northeast end of the mountain may, 
however, indicate that the fault is a modified reverse fault dipping south- 
west and having the direction of movement plunging between southwest 
and west. 

The five minor faults in the E 4 sec. 6 and NW 1 sec. 5 are probably 
tears. 

The branch fault in the NW 1 sec. 6 and NE \ sec. 1 is apparently 
of a different genetic type from the others. The block north of the 
branch fault is relatively downthrown, which seems to be inconsistent 
with the position of the fault between two generally westward-dipping 
thrusts shown in structure section C-C’ (Pl. 1). It may seem that the 
dip of about 40°, used in drawing the two faults at the southeast end of 
the section, is inconsistent with the previous statement that the two main 
faults steepen toward the surface where they swing northwestward 
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around the northeast corner of Jelm Mountain. Since the angle between 
the line of section and the strike lines on the faults is only about 30°, 
the apparent dip of about 40° shown in the section is equivalent to a true 
dip of approximately 60°. The writer believes that the branch fault is 
a fracture initiated by shear, as are the tears in sections 6 and 5. The 
northeastward movement of the block south of the branch fault tilted 
the block so that the upward movement was greater at the junction of 
the branch fault and inner main fault than farther west on the branch 
fault. 


Ring Mountain Area.—The syncline southeast of Jelm Mountain in 
the W 1% section 19, T. 13 N., R. 76 W., is strongly asymmetric with its 
axial plane dipping northwest. In the SE 4 section 25 the beds of the 
west limb of the syncline are overturned. The anticline to the east, ex- 
tending north from the north end of Ring Mountain, is apparently nearly 
symmetric, with its axial plane almost vertical. The next syncline to 
the east, in the E 1% section 19, is asymmetric, its axial plane dipping 
northeast. The two synclines and the anticline make a fan-shaped syn- 
cline between the east side of Jelm Mountain and the north end of East 
Ring Mountain. Farther north, the fan syncline changes to a simple 
syncline plunging northeast. 

The west and southwest sides of East Ring Mountain are faulted. 
The evidence for faulting at the north end of the mountain is shown on 
the map. At the south end of the mountain, in the NW 1 sec. 32, Foun- 
tain sediments within 100 feet of the pre-Cambrian granites strike N. 
40° W. and dip 15° to the northeast. The boundary between the pre- 
Cambrian and Fountain here must be a fault. Near the SE corner of 
section 32 a strike of due north and dip of 3° to the east were obtained 
on good exposures of red shaly material in the middle Casper. The part 
of the Casper mapped in the NE \ sec. 32 and the E 1% sec. 29 is the 
lower white sandstone member and the middle red shaly sandstone mem- 
ber. The present positions of the outcrops of the Casper in section 32 
indicate that the Casper is offset by a fault. 

At the north end of East Ring Mountain the bottom of the Fountain 
on the east side of the fault is in contact with upper Casper on the west 
side. The west block is relatively downthrown, and beds 800 to 900 feet 
thick are faulted out. Along the southwest face of the mountain the 
block southwest of the fault is clearly downthrown, but the absence of 
sediments on East Ring Mountain makes it impossible to obtain more 
than a minimum estimate of displacement. In the E 1% sec. 32 the 
bottom of the Casper is offset left. If the fault here were normal or 
reverse and the south block were relatively downthrown, erosion follow- 
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ing movement would have shifted the outcrop of the bottom of the 
Casper in the upthrown block eastward and produced offset to the right. 

The position of the northern part of the East Ring Mountain fault 
along the steep east flank of an asymmetric syncline and the fact that 
a normal or reverse fault with the south block downthrown could not 
have produced the left offset of the Casper in section 32 led the writer 
to conclude that the fault along the west side of East Ring Mountain 
is an eastward-dipping thrust (east end of structure section A-A’, Pl. 1), 
and that the southeast extension of the thrust is a modified type of tear 
having a vertical component of movement. 

If the thrust maintains constant dip from the surface downward, and 
the block above the thrust moved westward as a rigid block without 
rotation, the thrust should have a dip of less than 15°, the dip of the 
Casper north of the modified type of tear in section 32. If the dip of 
the thrust were more than 15°, the vertical component of movement on 
the tear would be great enough to produce, after reduction of both blocks 
to the same level, an offset of the bottom of the Casper opposite to 
that observed. It is improbable, however, that the thrust has a dip of 
less than 15°. The map also presents evidence that the block north 
of the modified type of tear fault was tilted during faulting. The width 
of outcrop of the Fountain measured along the north boundary of sec- 
tion 32 is approximately 3000 feet, and the mean dip is 15°. The width 
of outcrop of the formation measured along the south boundary of 
section 32 is approximately 6000 feet, and the mean dip is 8°. The 
writer believes that the East Ring Mountain thrust has a dip of about 
45° near the present land surface, that the dip of the thrust decreases 
eastward in depth, and that the East Ring Mountain block not only 
moved relatively westward and upward along the thrust plane, but was 
at the same time rotated on a horizontal axis striking north so that, 
when viewed looking northward along the axis, the rotation on the axis 
would be clockwise and greater than 7°. 

An arrangement of folds analogous to that of the Jelm Mountain and 
East Ring Mountain anticlines, which seems to support the interpreta- 
tion that the East Ring Mountain fault is an eastward-dipping thrust, 
is known farther north along the west border of the Laramie Basin. 
From a point 10 miles north and 2 miles west of the northeast corner 
of the mapped area (PI. 1) the axis of the Rock Creek anticline (Dobbin 
and others, 1929, Pl. 43) extends approximately N. 15° W. The axial 
plane of the anticline dips west. Quealy dome, 714 miles north and 3 
miles east of the northeast corner of the mapped area (PI. 1), is approx- 
imately 214 miles east of a line representing the extension of the axis 
of the Rock Creek anticline from the south border of Dobbin’s map. 
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The major axis of Quealy dome (Shoenfelt, 1936, p. 26) trends approxi- 
mately N. 15° W. The axial plane dips eastward. A well, beginning in 
the Steele shale, a short distance west of the surface axis, encountered 
vertical beds at depth. The steepening of the west flank of Quealy dome 
with depth indicates the possibility that near the pre-Cambrian floor the 
west flank of the dome may pass into an eastward-dipping thrust. 


Laramie River Area—The Fountain in the N % sec. 3, T. 12 N., 
R. 77 W., and S % sec. 34, T. 18 N., R. 77 W., stands vertically, so 
that its width of outcrop is approximately equal to the known thickness 
of the formation in this vicinity. The contact with the pre-Cambrian 
here is probably the surface upon which the sediments were deposited. 
Farther north, in the NE 4 sec. 34, the width of outcrop of the Fountain 
decreases to 400 feet, and the sediments near the pre-Cambrian have a 
reverse dip of 80° to the west. The contact is here a fault. The slight 
overturning of the beds indicates that the fault is probably a westward- 
dipping thrust. The narrow strip of Fountain, about 150 feet wide and 
600 feet long, extending from the main outcrop into the pre-Cambrian, 
confirms the probability that the fault is a westward-dipping thrust. A 
closely analogous relation is found in the W ¥ sec. 26, T. 14 N., R. 77 W., 
where a crescentic block of Fountain is surrounded, in plan, by pre- 
Cambrian. Several hundred feet to the east a fault, undoubtedly a 
westward-dipping thrust, reaches the surface. It is believed that the 
block of Fountain was brought into its present position by a pair of 
faults of comparatively high dip, which join the thrust in depth at a 
place where it cuts across the upturned edges of the Fountain. The same 
explanation is proposed for the relations of the block of Fountain in the 
E % sec. 34, T. 13 N., R. 77 W. 

Between Jelm and Woods the Paleozoic and Mesozoic rocks are cov- 
ered, except in a few places, by White River sediments and floodplain 
deposits of the Laramie River. In a number of places, however, there 
is clear evidence that the east side of the Medicine Bow Range is bounded 
by a fault. In the SE 14 sec. 27, Morrison and Dakota are exposed 300 
feet east of pre-Cambrian. Benton is exposed in the SW \% sec. 23, 
700 feet east of pre-Cambrian. In the SW % sec. 11, Niobrara, which 
is 3500 feet stratigraphically above the pre-Cambrian, lies within 500 
feet of the pre-Cambrian mass west of the road. 

The East Woods fault was recognized by faulting out of beds. Where 
the fault is covered by the White River group the location is not neces- 
sarily accurate. Branches have been omitted in certain places, such as 
in the SE (4, sec. 14, where there is a fault between Fountain and Casper. 
The direction and value of the dip of the East Woods fault could not be 
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obtained. Inasmuch as the fault lies between the Jelm Mountain and 
West Woods faults, probably joins the latter in the vicinity of Woods, 
and strikes north toward, and probably joins, the Sheep Mountain fault, 
the writer believes that the East Woods fault is a westward-dipping 
thrust. If this is true, the dip must be greater than 35°, the maximum 
slope found on the west side of Jelm Mountain. The alternate possibili- 
ties (a) that the area between the two Woods faults is a fenster, and 
(b) that the East Woods fault dips east, are considered under a separate 
heading. The following discussion assumes that both faults dip west. 

In the W % sec. 35, T. 13 N., R. 77 W., Morrison is in the center of 
a northward-plunging syncline. Dakota, Benton, and Niobrara occupy 
the center successively to the north. East of the syncline, in sections 
35 and 26, is a northward-plunging anticline; the Dakota of both its 
flanks is faulted against pre-Cambrian. From the place in the SE 4 
sec. 26 where White River lies on the Dakota of the east flank of the 
small anticline, the succession of outcrops eastward is Benton, Morrison, 
Jelm, Casper, and pre-Cambrian. About 1500 feet farther north, the 
succession of outcrops eastward from the Dakota on the east flank of 
the small anticline is Jelm, Chugwater, Satanka, Casper, and pre-Cam- 
brian. Inasmuch as the beds are successively older eastward, they must 
belong to the west flank of the Jelm Mountain anticline, not to the east 
flank of the small anticline. It is apparent that the westernmost branch 
of the East Woods fault cuts out a syncline and brings the east flank 
of the small anticline into contact with the west flank of the Jelm Moun- 
tain anticline. 

The block of Benton between Morrison and Dakota in the SE 4 
sec. 26 is well exposed in a shallow prospect trench, and is the Mowry 
shale, a black shale which has weathered silver gray, contains bentonite 
beds, and cannot be mistaken for any other black shale in the succession. 
The Dakota west of the Benton is the slabby ferruginous lower-middle 
member. The fault east of the Benton block cuts out the Thermopolis 
shale, Dakota group, and part of the Morrison. The Mowry may be 
considered as a slice along a fault, but a slice composed of strata younger 
than either of the two formations with which it is in contact along the 
fault. 

The western part of structure section A-A’ (Pl. 1) shows an inter- 
pretation which accounts for the faulting out of the syncline west of 
Jelm Mountain and for the position of the slice of Mowry between 
middle Dakota and Morrison. Perhaps there is another thrust on the 
west side of the overturned syncline of Fountain beneath the White 
River group. Less than half a mile north of the line of section, in the 
vicinity of the prospect shaft in the E 1% sec. 25, there is evidence that 
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pre-Cambrian lies on Fountain. It is possible that the Jelm Mountain 
thrust extends as far south as the line of section, although stratigraphic 
evidence is lacking. 

Structure section B-B’ is an interpretation which, in certain features, 
is closely similar to that represented in section A-A’ (Pl. 1). Surface 
relations in the belt between the Medicine Bow Range and Jelm Moun- 
tain are shown as resulting from “telescoping” of a syncline by thrusts. 
The high dip of the sediments close to the west side of Jelm Mountain 
indicates that the Jelm Mountain block, which includes the syncline 
beneath the Laramie River, was rotated. This motion can be described, 
when looking northward at the plane of section B-B’, as a counterclock- 
wise rotation. Under compression, the east-west dimension of the lower 
part of the Jelm Mountain block may have decreased and the material 
thus displaced may have moved upward toward the crest of the anticline. 

The area extending a mile north from Woods along the Laramie River 
is covered by alluvium. The exposure of Fountain in the NW 4 sec. 11 
provides the only clue to the structure. The writer believes that the 
most probable interpretation is that the East Woods and West Woods 
faults join beneath the alluvium to form the Sheep Mountain fault, which 
emerges in the NE % sec. 3. Here, the west flank of a syncline lies 
beneath the pre-Cambrian. Satanka, probably repeated by minor folds, 
is exposed in the center of the syncline. The Satanka shown in the bot- 
tom of the syncline in structure section B-B’ is 5500 feet below the level 
of the Laramie River. Niobrara is exposed at the surface only a few 
feet south of line B-B’ and also a quarter of a mile southeast of Woods. 
It is probable that the Satanka in the core of the syncline approximately 
1000 feet south of Woods is at about the same depth as in section B-B’. 
If the bottom of the syncline descends 5500 feet in a horizontal distance 
of 7000 feet—the distance scaled on the map from the southernmost ex- 
posure of Satanka to the northernmost exposure of Niobrara—the plunge 
of the fold is about 38°. This figure is not excessive for plunge of folds 
in the surrounding region and is comparable with the plunge of 30° ob- 
tained in the Morrison of the southern part of the same syncline in the 
NW \ sec. 35, T. 13 N., R. 77 W. 


Area between Sheep Mountain and Jelm Mountain—The Paleozoic 
rocks extending along the east side of Sheep Mountain from sec. 2, T. 18 
N., R. 77 W., to sec. 26, T. 14 N., R. 77 W., are almost continuously ex- 
posed. This area was first mapped to obtain an understanding of the 
structural pattern in areas of poorer exposures. Subdivisions of the 
Casper formation were used and the mapping was done on a scale of 
1 inch = 500 feet. 
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Exposures of pre-Cambrian metadiabase in the SE 4 sec. 35 and the 
strikes and dips of the Fountain and Casper sediments in the vicinity 
suggest a structural dome on an anticline trending northward from the 
northwest end of Jelm Mountain. On the southwest side of the dome, 
the sediments dip westward beneath the pre-Cambrian, which is in fault 
contact with the Satanka. In the E % sec. 34 the fault branches to form 
seven faults. Some of these rejoin the main fault, and others die out to 
the northeast. A gulch 30 to 40 feet deep (omitted on the map to avoid 
obscuring geological detail) drains normal to the strike of the faults 
from the SE 4 sec. 27 into the SW 14 sec. 26. Dips of faults, probably 
accurate to +5°, were obtained. The western fault dips about 40° 
northwest, and the next fault to the east dips about 30° northwest. 

The block between these two faults consists of Fountain and Casper 
sediments, which dip 55° northwest. The beds are overturned, for trun- 
cation surfaces in cross-lamination in the Fountain are on the positional 
bottom, and, from the Fountain eastward, the succession of outcrops of 
Casper members is white, red, gray, and buff. Another method for deter- 
mining relative age of beds, which, as far as the writer knows, had not 
been used before, gave the same result. In the Sand Creek embayment 
(Fig. 1), where the Fountain and Casper lie almost flat, sandstone dikes 
extend downward into the Fountain from the base of the Casper and 
ramify downward (Knight, 1929, p. 43-45). In the block between the 
two thrusts, sandstone dikes extend positionally upward from Casper 
into Fountain and ramify in the same direction. 

East of this block, in sections 26, 27, and 35, Fountain is exposed in 
the center of a tight anticline, which plunges steeply to the southwest. 
About 800 feet southeast of the center of the anticline is a syncline, 
whose center at the surface in the NE 4 sec. 34 is occupied by the lower 
limestone and a few feet of red shale of the Satanka and, farther north- 
east, by the upper buff member of the Casper. The syncline can be 
followed northeastward across several faults to the center of section 26. 
The southeast flank of the syncline, which merges with the northwest 
flank of the dome in section 35, is cut by several minor branch faults. 
The three easterly faults, in section 35 and the SW 4 sec. 26, repeat 
the upper member of the Casper and the lower part of the Satanka. The 
fourth fault, which changes strike to northwest, offsets the bottom of 
the Casper to the right at a place where the beds dip southeast at a 
high angle. 

The thrust between the pre-Cambrian and Fountain and four of the 
branch faults are shown in the northwestern part of section C-C’ (Pl. 1). 
The overturned beds between the westernmost pair of faults belong to a 


STRUCTURE 1535 


block that was carried relatively upward and southeastward from the 
overturned limb of a syncline beneath the pre-Cambrian. 

Where the upper Casper and lower Satanka are repeated by the two 
easternmost faults the beds dip about 30° northwest. Repetition ‘could 
be produced here by a fault dipping northwest only if the dip of the fault 
exceeds the dip of the beds. Since the pair of faults here considered 
can be traced laterally into a thrust, they probably dip at high angles 
near the surface and flatten out in depth. 

The middle of the five faults in the northwest part of section C-C’ 
(Pl. 1) produces peculiar relations. On the map it resembles the Jelm 
Mountain fault in the sharp change in strike from northeast to north- 
west. The westernmost thrust apparently terminates laterally against 
the minor fault, although the thrust may continue northeastward into 
the pre-Cambrian. In the immediate vicinity of the intersection of the 
middle fault and line C-C’ the fault offsets the bottom of the Casper 
to the right. The beds here dip at a high angle to the southeast. If it 
is assumed that there was no component of horizontal movement parallel 
to the strike of the fault, the northeast block is relatively upthrown. 
If it is assumed that the only movement on the fault was parallel to 
the strike of the fault, the southwest block moved relatively to the north- 
west. If it is assumed that there was oblique movement on the fault— 
the most probable assumption—the southwest block has moved rela- 
tively downward in a direction between southwest and northwest. This 
is opposite to the relative direction of movement on the Jelm Mountain 
fault. It appears, therefore, that the middle fault of the five, at the place 
of sharp curvature on the map, is a normal fault, or a modified normal 
fault with direction of movement plunging close to the west. The writer 
believes that these peculiar relations were produced as follows: 

The middle fault and the next one to the northwest surround a block 
which is, in the plane of section C-C’, roughly oval. The two faults 
converge downward into a single thrust and also converge upward, be- 
cause of the steepening of the middle fault at the place where it sharply 
changes strike. Under compressive stress applied in a horizontal plane 
in an east-west direction, the block northwest of the middle fault could 
not move relatively upward. The next block southeast of the middle 
fault was not hindered from upward movement by upward convergence 
of bounding faults. The fault block southeast of the middle fault was 
thus caught between two faults, was squeezed like a wedge in the jaws 
of a vise, and moved upward and eastward or northeastward in relation 
to both adjacent blocks. 

The structure of the west-central part of section 26 seems to be fairly 
simple. The width of outcrop of the Fountain, about 450 feet, is nearly 
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large enough to accommodate the full thickness of the formation. The 
small block of Fountain completely surrounded, in plan, by pre-Cam- 
brian leads the writer to believe, however, that the Fountain extends 
some hundreds of feet west beneath the thrust and that the block of 
Fountain was brought to its present position by two subsidiary faults ex- 
tending upward from the main thrust. If this interpretation is correct, 
the major structural details, as shown near the northwest end of section 
D-D’, are similar to those near the west end of section C-C’. 

The fault striking northwest across the N 1% sec. 26 produces no over- 
turning of beds, such as one might expect if it were a thrust, nor is there 
much probability that it is a normal or reverse fault. Near the center 
of section 26 Morrison is in contact with Frontier shale. Only 600 to 700 
feet of beds is faulted out. Approximately half a mile to the northwest, 
Fountain is in contact with Niobrara at the surface, and probably also 
with Steele beneath the alluvium. Here at least 3000 feet of beds is 
faulted out. The fault can be followed west up a gulch and across Sheep 
Mountain. On the west side of the mountain, schists and metadiabases 
are in contact with pink granite gneisses. Viewed from the upland 
underlain by the White River group in section 28 the contact appears 
to be nearly vertical. Probably the fault is a modified tear, involving a 
considerable vertical component, along which the southwest block moved, 
relatively upward and eastward. 

The strike of the tear fault, near the center of section 26, is nearly the 
same as that of the two main branches of the Jelm Mountain fault in 
in sec. 31, T. 14 N., R. 76 W. The same general conception of move- 
ment is applicable in both cases. It is therefore probable that the tear 
fault crossing the southern part of Sheep Mountain is part of the Jelm 
Mountain fault. If this is true, the fault shows certain similarities with 
the “flaws” of the Jura Mountains (Link, 1928 b, p. 537), in that it 
stands nearly vertically, there is a large component of horizontal move- 
ment parallel to the strike of the fault, and folds cannot be matched 
across the fault. Marked differences from the “flaws” are that the fault 
does not extend outward normal to the trend of folds from the middle 
part of the convex side of a mountain arc, and the fault is not confined 
to the folded sediments in front of the arc. Instead it begins as a thrust 
in the limb of an asymmetric anticline, changes in strike through 90° 
around the end of the crystalline core of the same anticline, and cuts 
across another thrust farther northwest. 


Alternate Interpretations—During field work the writer was aware 
that Jelm Mountain might be a klippe and the Laramie River area a 
fenster resulting from erosion cutting through a single flat thrust. Fun- 
damental objections to this hypothesis are: 
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(1) There is no evidence of a fault bounding Jelm Mountain on all 
sides. 

(2) The Sheep Mountain fault, which is probably the northward con- 
tinuation of the two Woods faults, dips 40° northwest in sec. 27, T. 14 N., 
R. 77 W. 

(3) The minor faults in the southern part of the Laramie River area 
would all have to be beneath the flat thrust. 

The following hypothesis, based on the experimental work of Link 
(1928a) on overthrusting and underthrusting, was suggested to the writer 
to account for relations along the west side of Jelm Mountain: 

The East Woods fault dips eastward and terminates downward on the 
Jelm Mountain thrust. The two thrusts underlie a wedge, the upper part 
of which is Jelm Mountain. Under pressure applied horizontally in an 
east-west direction, the wedge was squeezed upward and eastward in 
relation to the main Laramie Basin block and upward and westward 
in relation to the block west of Jelm Mountain. If it is assumed that 
the movement involved in both folding and faulting was from west to 
east, the Jelm Mountain fault would be, in Link’s terminology, an over- 
thrust, and the East Woods fault an underthrust. The writer has pre- 
sented evidence to show that the West Woods fault probably dips west- 
ward and would, therefore, be considered, on the assumption of unilateral 
movement from the west, as an overthrust. The writer believes that 
the East Woods fault is not an underthrust for the following reasons: 

(1) The sediments in contact with and close to the pre-Cambrian 
along the west side of Jelm Mountain are not overturned to the west, as 
would be expected if the East Woods fault were an underthrust. Instead 
they stand vertically or dip west at high angles. 

(2) The distance from the pre-Cambrian of Jelm Mountain to the 
pre-Cambrian of the Medicine Bow Range in the SW 1 sec. 11, T. 13 N., 
R. 77 W., is only 1200 feet. Niobrara, stratigraphically 3500 feet above 
the pre-Cambrian, is exposed between the pre-Cambrian masses. If the 
Niobrara lies between an overthrust and an underthrust, erosion must 
have removed, while fault movement was proceeding, at least 3500 feet 
of sediments from each of the advancing fault blocks in order to permit 
them to approach each other to their present positions. 

(3) Link (1928a, p. 835, fig. 7) shows that, if pressure and movement 
are sufficient to produce more than one overthrust, the uppermost over- 
thrust prevents underthrusts from extending farther downward, and there 
are consequently no underthrusts extending downward from one over- 
thrust to the next one below. If the East Woods fault is an underthrust, 
it extends downward from the West Woods overthrust to the Jelm Moun- 


tain overthrust. 
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NORTHERN AREA 


East Side of Sheep Mountain.—The steep scarp along the east face of 
Sheep Mountain flattens eastward into a more gently sloping erosion 
surface, probably a pediment, which is underlain by a thick layer of 
débris derived from the pre-Cambrian mass. Talus slopes and cones are 
absent. Most of the fragments, even boulders 10 feet in diameter, are 
fairly well rounded. Hummocky topography, characteristic of landslides, 
is conspicuous in many places. Therefore, some of the small patches 
of Niobrara and Steele shown on the map have probably been carried 
eastward by landslides. . 

Although there are few exposures along the east side of the mountain, 
numerous small patches of Niobrara, Steele, and Mesaverde within a few 
hundred feet of the pre-Cambrian show that the east side of the moun- 
tain is bounded by a fault with a displacement of at least 4000 feet. 
Overturned beds dipping at low angles toward the pre-Cambrian indi- 
cate that the fault is a thrust. In the NE \4 sec. 14, T. 14 N., R. 77 W., 
pre-Cambrian gneiss lies on Chugwater, which dips 40° to the northwest. 
The stratigraphic succession southeastward from here and the fact that 
truncating surfaces are on the positional bottom in cross-laminated sand- 
stone beds in the Jelm show that the beds are overturned. The map 
shows overturned beds at several other places along the base of the 
mountain. Overturned position was recognized by one or both of the 
methods mentioned. The thrust splits into two main branches in the 
NW \ sec. 23, T. 15 N., R. 77 W. The east one passes between the 
exposures of Niobrara and Mesaverde in the S % sec. 10 and faults out 
most of the Steele. The west branch swings westward between the main 
pre-Cambrian mass and the exposure of Niobrara in the SW 1 sec. 9. 


Area North of Sheep Mountain.—The sloping pediment surface east of 
Sheep Mountain continues around the north end and onto the west side 
of the mountain. The floodplain deposits of the Little Laramie River 
almost completely cover the older rocks north of the pediment. The 
area north of the river is one of low relief and is almost continuously 
covered by gravels containing quartzite boulders up to 2 feet in diameter. 
The gravel and boulder sheet extends west to the vicinity of Centennial 
and completely covers the older rocks of the northern part of the Centen- 
nial Valley. 

The west branch of the Sheep Mountain fault turns west around the 
north end of the pre-Cambrian core of the Sheep Mountain anticline in 
much the same manner as the faults which swing around the north ends 
of Boulder Ridge and Jelm Mountain. The interval of only 400 feet 
from Niobrara to pre-Cambrian in the SW \% sec. 9, T. 15 N., R. 77 W. 
shows that the fault here has a displacement of at least 3500 feet. As 
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nearly as one can tell in an area of very few exposures, the fault con- 
tinues westward into section 8. The top of the Casper north of the river 
in this section is too close to the bottom of the Fountain at the north- 
west corner of Sheep Mountain to accommodate all of the Fountain and 
Casper. About 200 feet of beds is faulted out. The writer’s conception 
of the Sheep Mountain fault is similar to that previously explained in 
connection with the Boulder Ridge and Jelm Mountain faults. Near the 
center of section 8, the fault should dip steeply to the south and the 
direction of movement on the fault should plunge to the southwest. The 
strike of the beds is almost normal to that of the fault, and the beds dip 
west 35° to 40°. The intersections of bedding planes with the fault 
plane should, therefore, be lines plunging southwest. In other words, 
the traces of bedding planes on the fault walls should be lines making 
only a small angle with direction of movement on the fault. Movement 
on a fault which cuts beds whose traces on the fault walls are parallel 
to the direction of movement would not offset, repeat, or fault out beds. 
The concrete case here discussed probably closely approaches the condi- 
tions of the ideal case, and the displacement of the fault in section 8 is 
probably much greater than 200 feet, the thickness of the beds faulted 
out. 

In the W % sec. 7 the Shannon sandstone member of the Steele shale 
strikes N. 80° W. and dips 25° to the north. One thousand feet to the 
northwest, beds of the upper part of the Steele, which consist of gray 
sandy shales and brown concretionary sandstone, stand on edge and 
strike N. 50° E. Between the two exposures there must be a very sharp 
flexure, or a fault with the upthrown block on the south. Farther west, 
in sec. 10, T. 15 N., R. 78 W., there is no evidence of faulting, but the 
Dakota changes strike through 30° and outlines a gentle anticline plung- 
ing steeply eastward. The fault probably dies out westward and passes 
into a fold. 

The branch fault in the SE 4 sec. 7, T. 15 N., R. 77 W., which is also 
shown near the center of section G-G’ (Pl. 1), was drawn on the basis 
of a few exposures and inferences from fault relations in a correspond- 
ing position near the north end of Jelm Mountain. The position of the 
bottom of the Dakota beneath the alluvium was inferred from the ex- 
posure of the conglomeratic member of the Dakota in the SE \4 sec. 7 
and the exposure of Chugwater and Jelm on the boundary between sec- 
tions 7 and 8. The distance normal to strike from the inferred position 
of the bottom of the Dakota to the exposure of Niobrara in the SE 4 
sec. 7 is too small to accommodate the Dakota and the Benton. It is 
probable that the faulting out of beds was produced as follows: 

The branch fault was initiated by shear during relative northeastward 
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movement of the north end of Sheep Mountain. The north end of the 
Sheep Mountain block was thus underlain on the northeast by a scoop- 
shaped fault steepening toward the surface, and was bounded on the 
northwest by a nearly vertical fault terminating downward on the scoop- 
shaped fault. Movement of the north end of Sheep Mountain relatively 
upward and northeastward tilted the north end of the Sheep Mountain 
block so that an imaginary plane lying horizontally in the block before 
movement would, after movement, be inclined downward to the south- 
west. The block west of the branch fault did not undergo the same 
tilting. 

The east branch of the Sheep Mountain fault probably extends north- 
west from sec. 10, T. 15 N., R. 77 W. and maintains the characteristics 
of a thrust. The distance of 3000 feet, scaled normal to strike from the 
bottom of the Benton in section 9 to lower Mesaverde projected south- 
eastward from the exposures in the SE 14 sec. 4, is insufficient to accom- 
modate the Benton, Niobrara, and Steele. The distance from the Nio- 
brara in section 4 northeastward to the Mesaverde is sufficient to accom- 
modate the Steele standing on edge. It is probable, therefore, that the 
thrust dies out in section 4, and it is possible that a branch, of the gen- 
eral nature of a reverse fault with a considerable component of hori- 
zontal movement parallel to strike, may extend westward south of the 
exposure of Niobrara in the NE \ sec. 5. 


Centennial Valley Area.—The Centennial Valley is a synclinal area 
complicated by faults on the southwest and west sides. On the east 
side and west side north of Middle Fork, alluvium-covered pediment 
surfaces slope toward the middle of the valley and merge with the 
heavily covered floor. At the south end a pediment slopes gently north- 
ward from the base of the scarp bounding the White River group. Be- 
tween South Fork and Middle Fork the steep scarp cut on the pre- 
Cambrian descends to the level of the valley floor. Inasmuch as the 
valley floor is heavily covered, the central part of the Centennial Valley 
was not mapped by plane table. The drainage pattern of the central 
part of the valley (Pl. 1) was copied from the topographic sheet of the 
Medicine Bow quadrangle. The Paleozoic and Mesozoic succession is 
fairly well exposed along the east edge of the valley. The base of the 
pre-Cambrian scarp on the west side of Sheep Mountain and the adjacent 
Casper and Dakota hogbacks are well shown on the topographic sheet. 
There are no apparent structural complications in sec. 5, T. 14 N., R. 77 
W. and secs. 32, 29, and 20, T. 15 N., R. 77 W., and this area was not 
mapped with plane table. 

Between Middle Fork and South Fork a number of exposures of Paleo- 
zoic and Mesozoic sediments within several hundred feet of the pre- 
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Cambrian show that the boundary between the Medicine Bow Range 
and the Centennial Valley is a fault. The 40° reverse dip of the Mowry 
shale beneath the Dakota in the SE \4 sec. 34, T. 15 N., R. 78 W. indi- 
cates that the fault is a thrust dipping southwest. In the SW 4 sec. 12, 
T. 14 N., R. 78 W., Frontier shale dipping 40° to the southwest is in 
contact with the middle part of the Dakota. The southeast end of the 
band of Dakota terminates against a block of Fountain. The proximity 
of the exposures of Steele and Chugwater in the W 1% sec. 18, T. 14 N., 
R. 77 W. indicates a fault beneath the alluvium between the exposures. 
The doubtful thrust shown as passing beneath the White River in sec- 
tions 13, 18, and 19 was inferred from the proximity of the Chugwater 
and pre-Cambrian in the N % sec. 13 and the reverse dip of the Benton 
in the NE 4 sec. 19. 

The map of the area within a radius of half a mile from the NE cor. 
sec. 19 shows striking similarities to that of the area in which a syncline 
is thrust out near the southwest end of Jelm Mountain. Along line E-E’ 
from the vicinity of the SE cor. sec. 17, the sequence is (1) pre-Cam- 
brian, (2) Fountain, partially covered by White River, (3) Casper, (4) 
a fault cutting out the Satanka and Forelle, (5) Chugwater partly cov- 
ered by White River, (6) Jelm, (7) a fault cutting out the Sundance, 
(8) Morrison, and (9) Dakota. The westward dip increases toward the 
west from 30° in the Casper to 60° in the Jelm. This succession belongs 
to the east flank of the Centennial Valley syncline. Eastward from the 
west end of the line E-E’ the succession is (1) White River, (2) Mor- 
rison, (3) Dakota, (4) Thermopolis, (5) Mowry dipping 50° westward, 
and (6) Frontier shale. This succession clearly belongs to the over- 
turned west flank of the Centennial Valley syncline. Between the Fron- 
tier shale of the west flank and the middle Dakota of the east flank is a 
block of Niobrara approximately 50 feet wide and 150 feet long. North- 
west and southeast of the block, Frontier of the west flank is in contact 
with Dakota of the east flank. The block of Niobrara is thus a drag 
block along a fault, but the block is younger than either of the forma- 
tions in contact along the main part of the fault. The interpretation 
given in the western part of structure section E-E’ is essentially similar 
to those in sections A-A’ and B-B’, showing relative movement of the 
east limb of an anticline eastward across and beyond the axial plane 
of the next syncline to the east. 

The evidence for the doubtful fault shown in the SE 4 sec. 20, sec. 21, 
and sec. 28, T. 14 N., R. 77 W., is meager. Evidence has been presented 
to show that a tear fault extends from the east side of Sheep Mountain 
westward across section 27 to Fence Creek. From a few hundred feet 
north of the place where the fault passes under the White River, the 


3 
+3 
i 


1542 RK. H. BECKWITH—SOUTHWEST MARGIN OF LARAMIE BASIN 


contact between the pre-Cambrian and White River forms a fairly 
straight line extending westward to the vicinity of the area of thrust 
faults in section 20. The steep scarp cut on the pre-Cambrian north of 
the contact may be a pre-White River fault line scarp from which the 
sediments are now being removed. 


Middle Fork Area.—The Centennial Valley fault passes into the pre- 
Cambrian near the west boundary of sec. 28, T. 15 N., R. 78 W. From 
here upstream the course of Middle Fork Canyon is approximately 
N. 30° W., the same as the strike of the fault across sections 28, 33, 
and 34. The course of the stream was probably determined by the fault. 
Two miles west of the western boundary of the map, Middle Fork Canyon 
abruptly changes its course to due north. It is probable, therefore, that 
the thrust continues at least 2 miles west from the mapped area. 

A ridge extends southward from the main mass of the Medicine Bow 
Range and into the area west of the exposures of Fountain in the W 14 
sec. 28. A few hundred feet southwest of the NW cor. sec. 28 there 
is a saddle in the crest of the ridge. The coarse massive granites between 
the saddle and the section corner are cut by numerous joints striking 
parallel to the Middle Fork fault and standing nearly vertically. The 
high dips of the joints and the fact that the Middle Fork fault extends 
nearly normal to the strike of the Centennial Valley thrust indicate that 
the Middle Fork fault is, in the vicinity of the section corner, probably 
of the general nature of a tear. Northeast from here, in the SE \4 sec. 21, 
the overturning of the Dakota indicates that the fault probably dips 
northwest. Since the beds are here turned only 20° beyond vertical 
and both branches of the fault die out in less than a mile without under- 
going a marked change in strike, there is no pronounced tendency to 
pass laterally from tear to thrust. The Middle Fork fault is probably, 
therefore, intermediate between a tear and a reverse fault. 


STRESSES 


The pattern of folds and faults in the area shows marked differences 
from patterns produced experimentally by Mead (1920) under conditions 
closely approaching uniform application of compression or shear to lat- 
erally uniform paraffin and wax sheets. The differences indicate either 
that stress was unequally applied or that there was considerable lateral 
variation in the ability of the crystalline rocks and overlying sediments 
to transmit stress. The sedimentary units in the stratigraphic column 
show little lateral variation in thickness and lithologic character. There 
is, however, marked lateral variation in the pre-Cambrian rocks. The 
oldest are schists and phyllites, probably originally sediments, and 
hornblende schists and metadiabases, probably originally basic intrusives 
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and extrusives. These have been magmatically stoped by granites and, 
in large areas, have been injected to form gneisses. Uniform stress ap- 
plied to such a heterogeneous basement complex would undoubtedly be 
resolved into components varying in direction and intensity. 

The experiments of Link (1928b) on en echelon folds and arcuate 
mountains provide illuminating data on the probable causes of some of 
the structural details mapped. Link (1928b, p. 531) produced folds and 
faults by means of unequally applied horizontal compressive stress act- 
ing on a sheet of horizontal, laterally uniform, artificial sediments. If 
it is considered that the direction from which unequal pressure was 
applied in the experiment is west, the top view of the sheet of deformed 
sediments (1928b, fig. 4) nearly duplicates the pattern of folds and 
faults on the east and north sides of Jelm Mountain and in the Laramie 
River area west of Jelm Mountain. Link remarks (i928b, p. 530-531) 
that he knows of no case in nature which might have had an origin 
similar to the artificial system described. He also produced a tear 
fault striking parallel to the direction of application of compressive stress 
(Link, 1928b, fig. 10) by applying uniform pressure to a sheet of clay 
of uniform thickness, but which varied laterally in ability to transmit 
stress because cement had been added to the clay in front of one end 
of the push block. 

The writer believes that the structural features of the area described 
were formed as follows: 

The folds and faults were formed either by non-rotational regional 
compressive stress applied in an east-west direction, or by a regional 
rotational stress which could be represented by a force operating north- 
westward at some place northeast of the area and a force operating 
southeastward at some place southwest of the area. The change in trend 
of the northern part of the Laramie Range from north to west and the 
corresponding change of trend of minor folds within the are of the Lar- 
amie Range in the northern part of the Laramie Basin indicate that the 
major regional stress was probably rotational. If this is true, the major 
stress in the southern part of the Laramie Basin can be conveniently 
considered as an east-west compressional component of the regional 
couple. Unequal transmission of stress by the heterogeneous pre-Cam- 
brian basement complex caused the compressive stress to be resolved 
locally into stresses of different types operating in directions other than 
east-west. 

SUMMARY OF CONCLUSIONS 


The dominant direction of overturning of folds is eastward. The 
dominant relative direction of movement of blocks above thrusts is 
eastward, but there was also a component of relative northward move- 
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ment of some thrust blocks near their north ends. One thrust, however, 
dips eastward. The writer believes that the structure, involving en 
échelon folds and oblique movement of thrust blocks on thrust faults 
passing laterally into tears, was caused by lateral variation in the ability 
of the pre-Cambrian basement rocks to transmit an east-west compres- 
sive stress. This stress may have been a component of a regional couple. 

In two places along thrust faults, drag blocks were found which are 
younger than either of the two formations in contact along the fault. 
The criterion of younger drag blocks may be found useful elsewhere in 
recognizing thrusting of younger rocks over older, or thrusting of older 
rocks under younger rocks. 
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ADJUSTMENTS IN SMALL-SCALE NON-CONCENTRIC FOLDING 


BY H. W. STRALEY, III 
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Experiments similar to those of Willis were performed under slightly better con- 
trolled conditions of strength of materials and pressure. The relationship between 
stratigraphic thickness and deformation was compared graphically with data obtained 
by direct field observation. A surprisingly close agreement was found. 
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The conclusion is drawn that apparent thickening of anticlines and synclines and 
thinning of limbs has been accomplished mainly by differential compaction in the 
early stages of deformation; recrystallization where present became important in late 


folding. 

The writer believes that adjustment has been accomplished in the folds under 
consideration by shear-flow rather than by recrystallization. He presents evidence 
to show that contrary to a widely held view shear-flow is not a phenomenon of great 
depth but may occur within 7500 feet of the surface of the earth. 

Porosity and crushing strength were compared graphically with deformation, and 
the conclusion drawn was that radial compression on the limbs has acted to modify 


both. 
INTRODUCTION 


This study was undertaken originally for the purpose of developing 
a formula to express the stratigraphic thickness' of strata at depth in 
non-concentric folds from a knowledge of the surface thickness and 
structure. After several months of investigation it was found advisable 
to abandon the original purpose and to concentrate on the process by 
which thickening and thinning are accomplished and to confine attention 
to minor folds. 

Although drill-core and mine measurements of coal beds were avail- 
able, it was found inadvisable to use them because depositional irregu- 
larities of the coal and adjoining strata are so great that the problem of 
determining the amount of deformative change in stratigraphic thick- 
ness is very difficult. An example of this variation is given by Went- 
worth (1922, chart opp. p. 16) from Russell County, Virginia, where the 
Jawbone and Tiller coals, elsewhere separated by an interval of about 
50 to 100 feet, unite east of Wilder to form a single seam. The amount 
of compaction prior to folding could not be determined and will be shown, 
in a forthcoming paper, to be areally variable. Correlation of test borings 
is imperfect, except over small areas. An example appears in Russell 
County, Virginia (Wentworth, 1922, chart opp. p. 24), where the Tiller 
coal of bore hole number 10, which underlies the Jawbone of the same 
and previous holes, was correlated with the Jawbone of bore holes num- 
ber 48 and following. The use of such faulty correlations would lead to 
erroneous conclusions. 
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1 According to Rubey (1926, p. 336), the stratigraphic thickness may be defined as ‘“‘the measurement 
of the strata made at right angles to the bedding.” 
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PREVIOUS WORK 


Heim (1878, p. 31-32), who first recognized that changes in the geo- 
metrical form of beds may take place without notable fracture, says: 

“In the close examination of many folded or squeezed strata, veins and open frac- 
tures are so seldom to be seen that we cannot possibly attribute the deformation to 
that kind of displacement. ... Bending, stretching, thickening, rolling out, and 
shearing are commonly related. Deformation without fracture is an effect of 
higher mechanical stresses than deformation with fracture.” 

Willis (1893, p. 213-284) made an experimental and theoretical anal- 
ysis of folding, and in his revised textbook sets forth the mechanics of 
incompetent structures. He believes that non-concentric folds are the 
result of radial compression and that the thinning of the limbs is due 
largely to the pressure of a competent layer on incompetent beds beneath. 

“Incompetent folding is the result of a wr erage which is initially directed 
at right angles to the strata, or nearly so, when they are in a horizontal or gently 
inclined position, and which also is resolved into components at right angles and 
parallel to the stratification. But, since the angle which the direction of the stress 
makes with the bedding is a high angle, the perpendicular component is larger than 
the parallel component. Hence, it follows that the mass as a whole is subjected to 
vertical, or radial compression and to horizontal, or tangential tension. . . . Hence 
the stress transmitted by the stratum will not be so great on the axis as nearer the 
source of active pressure, and the maximum lift will be shifted from the axis onto 
the limb toward the source. The effective force of deformation will be localized at 
the point of inflection.” (Willis and Willis, 1929, p. 257, 263.) 

Van Hise (1896, p. 600) investigated thickening and thinning in the 
Lake Superior pre-Cambrian. 

“Even where the folding is only moderately close the limbs of the folds may be only 
one-half as thick as the troughs and crests. Where the folding is very close the 
troughs and crests must be several times as thick as the limbs in order that they may 
have similar form.” 

He thought that the adjustments could be accomplished only by plastic 
flow of the material of the limbs toward the a° 4 of relief. 

Adams and his associates (Adams and Nicuvison, 1901; Adams and 
Coker, 1910; Adams and Bancroft, 1917) have investigated experimen- 
tally the deformation of many kinds of rocks and minerals under a wide 
variety of temperature and pressure conditions. They have not, so far 
as the writer is aware, determined the method of flowage of the sedimen- 
tary rocks, with the exception of limestone and dolomite. 

Ickes (1923, p. 575-580) showed how the stratigraphic thickness at 
depth could be determined from the surface structure. Under certain 
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limiting conditions, he found that folds of this type: (1) persist with 
depth; (2) have a constant dip along any ordinate;? (3) imply crustal 
shortening under the action of tangential forces; (4) imply that the 
stratigraphic thickness is a measure of the degree of deformation; (5) 
imply that more heat is produced in the zones of squeezing on the flanks 
than in the crests and troughs and that the greatest shear and flow per 
unit area have taken place there; (6) show that thin layers therein may 
be under concentric or neutral surface conditions; and (7) should be 
analyzed further. In a later contribution, Ickes (1925, p. 451-456) ap- 
plied graphical integration to the problem of predicting stratigraphic 
thickness at depth. 

Rubey (1926, p. 336) found the stratigraphic thickness of the limbs 
of similar folds equal to the original thickness * multiplied by the ratio 
of shortening‘ multiplied by the cosine of the angle of dip. He also 
reached the conclusion (Rubey, 1930, p. 35) that the porosity of a shale 
varies with: (1) the pressure to which it has been subjected, therefore 
with the depth of burial; (2) the deformation to which it has been sub- 
jected; and (3) the cosine of the angle of dip. He states that the 
ordinate thickness * at the point of inflection of a limb is equivalent to 
the original thickness of the stratum before folding. He quotes Sorby 
(1908, p. 227-231) and Hedberg (1926, p. 1057-1058) as having called 
attention previously to the relation between porosity and pressure, or 
overburden. 

Busk (1929, p. 54) says of similar folds: 


“There are indeed so many unknown factors and the complete treatment of the 
‘sere geometrically becomes so complicated, that in the present stage of our 
nowledge such treatment is rarely worth while.” 


He thinks that concentric folds are the commonest geometrical form but 
concurs (Busk, 1926, p. 9-11) with Ickes (1923, p. 588-591) that struc- 
tures often partake of both similar and concentric folding. He agrees 
with Willis that the forces are concentrated at the point of inflection with 
a diminution away from the attenuation toward the axes (Busk, 1926, 
p. 55). 

Behre (1933, p. 21-22) made measurements of the stratigraphic thick- 
ness and dip of slates and contemplated a complete study of the problem. 


2 He used a coordinate system in which the abscissa represented length, and the ordinate, thickness 
parallel with the axial surface of the fold. Both (1) and (2) are inherent from the definition of simi- 
lar folds. 

8% The original thickness may be defined as the thickness before folding or tilting. Rubey used the 
thickness of the bed at some distance from the disturbance where it was still in a horizontal attitude. 

* According to Rubey, the ratio of shortening may be defined as the ratio of the original horizontal 
length of the strata to their horizontal length after folding. 

5 The ordinate thickness may be defined as the thickness parallel with the general trend of the axial 
surface. 
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Other writers have mentioned the problem but, so far as the writer is 
aware, no complete investigation has been accomplished. 


METHODS OF STUDY 


For the present study, methods resembling those of Willis and others 
(1898, p. 213-284; Chamberlin and Miller, 1918, p. 11-44; Chamberlin 
and Shepard, 1923, p. 490-512; McCarthy, 1925, p. 7-18 and 1928, p. 51- 
67) were used, with a pressure box of similar design. The only material 
modification introduced by the writer was that of using a glass front to 
the box so that measurements and photographs could be made without 
stopping compression. Models to be deformed were composed of alter- 
nating black and white layers of paraffin mixed with varying amounts of 
petroleum jelly. The layers containing the largest proportion of paraffin 
were supposed to represent competent strata, and those predominantly 
petrolatum were supposed to simulate the strata that would yield by 
incompetent folding. The models were about 2 feet in length. 

The structures examined in the field were approximately 100 feet in 
cross-section view. The rocks were shales and calcareous shales, whose 
crushing strength was between 600 and 1500 pounds per square inch. In 
order to make the experiments nearly accurate dimensionally, the crush- 
ing strengths of the model strata were determined; for the competent 


layers, 1500 X wi = 30 pounds per square inch, and for the incompetent, 
600 x iw = 12 pounds per square inch. The constituents were then so 


mixed that the competent layers would deform under a load of between 
25 to 35 pounds per square inch, the incompetent between 10 and 15 
pounds. 

Field work consisted in measuring the stratigraphic thickness and the 
attitude of strata involved in incompetent folding. The difficulty in 
attempting measurements elsewhere than in road cuts and cliff faces, 
where structures are exposed essentially in cross section, was almost in- 
surmountable. Therefore, all measurements used in the graphs were 
made of such exposures. Efforts were made to determine the shortening 
ratio and the original thickness. The latter was determined by direct 
measurement upon undeformed beds away from the disturbed area wher- 
ever possible; otherwise, by measuring the ordinate thickness at the point 
of inflection of the fold. Rock samples were collected wherever and 
whenever possible so that porosity, crushing strength, and mineral com- 
position could be determined. 

Porosity (Fig. 8) and stratigraphic thickness (Figs. 1-7) were plotted 
against the amount of deformation in an effort to correlate these proper- 
ties with the deformation. 
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Following a suggestion by Behre, unsuccessful efforts were made to 
determine whether optical changes had taken place in the deformed ex- 
perimental layers. It was impossible, however, to prepare thin sections 
of the soft paraffin layers without producing greater deformation than 
that produced in the compression chamber. 

Experiments similar to those of Daubrée (1879, p. 460-466) were carried 
out with unoriented mica fragments embedded in the experimental strata. 
The purpose of these experiments was to determine whether orientation 
subparallel with the bedding would result and, also, whether migration 
of mica particles away from the limbs and toward the crests and troughs 
would take place. 

Through the cooperation of the West Virginia Department of Mines, 
the writer secured many subsurface measurements from the complete set 
of well logs within the files of that department. The writer has not made 
a complete canvass of the literature but wherever possible has used pub- 
lished measurements, for which citation of authority has not seemed 
necessary. 

Experiments of the type herein described have been applied in the past 
to the solution of many problems of structural geology. As pointed out 
by Willis (1893, p. 235), 

“Mechanical laws do not vary with the magnitude of the active forces nor with 
that of the passive resistances; of a series of strata hundreds of feet thick and of a 
pile of layers only inches thick. the bending, breaking, or shearing will obey the same 
laws, if all the factors of pressure and resistance are proportional in each case to the 
dimensions of the pile, and the similitude of the results will be closer the more 
exactly the conditions in the one case represent those in the other.” 

One may draw useful qualitative conclusions from such experimenta- 
tion. However, the analogy between these experiments and natural con- 
ditions, as other writers have frequently pointed out, is not sufficiently 
exact to warrant their inclusion in future studies of a quantitative nature. 

Some of the most obvious and most frequently mentioned lines along 
which experiments with the pressure box deviate from the Newtonian law 


of similarity are: 


(1) The compression chamber does not supply even, slow enough pressures to pro- 
duce frequent adjustments by any means other than some form of fra racturing, unless 
the material being deformed is of almost butter-like consistency. 

Peat The materials used usually do not approximate the strength and dimensions 
of rocks. 

(3) The box offers an unyielding bottom, which is not entirely comparable to earth 
conditions. The writer attempted to overcome this obstacle by introducing a layer 
of dry St. Peter sand between the model and the floor of the instrument. However, 
this layer did not entirely eliminate the rigid, unyielding base, and introduced com- 
plications peculiar to itself. 

(4) The temperature conditions at depth, which must be effective in promoting 
flow, are not duplicated. 

(5) The depth of burial cannot be duplicated, and the pressures produced by several 
thousands of feet of superincumbent strata cannot be neglected. Even the possibility 
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of variation in the amount of overburden was reduced to a minimum in the experi- 
ments herein described because sand was the only material available. 

(6) The presence of the pressure block introduces complications not always found 
in nature. Often the layers thickened near the piston with a progressive decrease in 
thickening toward the passive end of the box. Frequently this deformation was 
unaccompanied by any other type of failure. Mead (1920, p. 506-508) used a rubber 
sheet coated with paraffin in an effort to eliminate the effects of the piston, but it is 
doubtful if his pel co could be used in experiments dealing with the problem under 


investigation. 
(7) The sides of the compression chamber do not permit horizontal adjustments 
such as probably take place in nature, and there is friction between the sides of the 


model and the box. 

(8) Compaction through loss of porosity in packing particles together may be 
considerable in sediments. However, in this respect pel is a poor substitute for 
rock. The writer, through direct experimentation, found the volume decrease of 
paraffin under pressures within the range used in the pressure box negligible. 

(9) The intensity of folding is concentrated within a small area in the compression 
chamber, whereas the forces within the earth act over wide areas. 


In view of these considerations, the writer is doubtful of quantitative 
conclusions predicated upon experiments of this kind and hesitates to 
attach great significance to them. 

When no computations, other than additions of strata thickness, are to 
be made with a set of measurements, they need not be more accurate than 
the nearest foot. However, in the investigation herein described com- 
putations of ratios were contemplated from the beginning, requiring, 
therefore, an accuracy greater than in ordinary geologic work. This need 
for accuracy, necessitating the use of localities where the exposures were 
in cliff faces and road cuts showing whole structures virtually in cross 
section, limited the size of fold that could be studied in the field. 

Field studies have been made; (1) along U. S. highway 50, from about 
a mile south of Keyser, West Virginia, to Burlington, Mineral County, 
West Virginia; (2) along West Virginia highway 24, southwest of Par- 
sons, Tucker County, West Virginia; and (3) along U. S. highway 21, 
on Brushy Mountain, Bland County, Virginia. 


EXPRESSION OF RESULTS 


In Figures 1, 4, 6, and 7, the results of the experiments are represented 
graphically, and in Figure 5 measurements are made on Paleozoic shales. 
The curves are composites of several methods of expressing the two vari- 
ables—deformation and change in stratigraphic thickness. Deformation 
has been represented by the angle of dip, the cosine of the angle of dip, 
the opening angle® of the fold, the reciprocal of the ratio of shortening 
(deformed length —- undeformed length), and the logarithm of some of 


® This term was suggested verbally by Behre (1933, p. 157) but had been used previously without 
definition. In the absence of other information and on the basis of conversation with Behre, the 
writer offers the following definition: The opening angle may be defined as the angle between the 
tangents drawn to the curve of a fold at the points of inflection of the limbs. 
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these. The logarithm of the thickness was used as ordinate on a series of 
graphs. 

In plotting measurements made on the crests and in the troughs of the 
experimental anticlines and synclines the dip was valueless because it 
was usually almost zero. This necessitated the introduction of the average 
dip of the limbs and the average thickness of their strata which were con- 
sidered proportional to the compression. 

In the field it was impossible always to determine the original thickness 
of the strata, so that the thickness of the beds at the crest of the anti- 
clines or at the trough of the synclines was taken as unity in some of the 
computations. In order to compare the graphs it was necessary to recom- 
pute the experimental data on the same basis. 

The impracticability of presenting all the graphical representations 
used is at once apparent. It has been decided to use dip because it is 
easily determined in the field or laboratory, and all other measures of 
deformation are functions of the dip. , 

In preparing graphs only those observations have been used that were 
considered reasonably reliable. Many of the layers behaved as com- 
petent strata and were folded into nearly concentric folds. In places 
faults produced supratenuous folds in the superincumbent strata. Often 
the overburden of sand, or the layer of St. Peter sand beneath, obscured 
the face of the model so that readings of sufficient accuracy could not 
be made. 

Had the accuracy of the experimental work justified it, the writer 
would have made a more complete analysis of the observations than 
appears herein. 

RESULTS 
LIMBS 


Because of its position in the structure one would expect the middle 
limb of a fold to have suffered the greatest attenuation. Figure 1 is a 
composite of all the experimentally developed middle limbs. Although 
the distribution of the plotted observations was exceedingly poor, there 
is an indication that thinning in the experiments was nearly completed 
long before the fold became overturned. There is even a slight rise from 
the minimum thickness attained, indicating a possible thickening. This 
is in contrast to conditions described in the Alps and elsewhere, where 
the middle limbs of many folds are much attenuated and often com- 
pletely absent. Of course, most of these descriptions are of folds that 
have been overturned and are often recumbent. In looking for an ex- 
planation of the apparent cessation of thinning at. such an early stage 
in the deformation, one is led to believe that the separation of the 
layers by measurable amounts leaving voids under the troughs of the 
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synclinal areas may be the cause. Such behavior would lead to maximum 
vertical downward pressures over the crests of the anticlines and to 
regions of little or no pressure over the troughs of the synclines. The 
curves for the thickening of the anticlines appear to point toward the 


same conclusion. 
The limbs rising toward the end of the box away from the incoming 


Freure 1.—Middle limb experiments Ficure 2—Away from plunger experiments 


plunger block are more removed from its disturbing influence than those 
near the plunger, and their behavior should more nearly approach that 
of folds in nature. 

Figure 2 is a composite of all limbs experimentally developed away 
from the plunger. A minimum thickness was reached early in the de- 
formation, after which there was an increase in thickness. A similar 
increase was observed to a lesser extent in the middle limb experiments 
but is decidedly noticeable in those away from the piston. The explana- 
tion is probably the same as that tentatively offered for Figure 1. 

The limbs toward the plunger are more subject to its disturbing in- 
fluence than those farther removed. However, it was from observations 
upon this limb that Willis (1893) deduced the mechanics of incompetent 
folding. 

Figure 3 is a composite of all limbs experimentally developed toward 
the plunger. The form of the curve is different from that assumed by 
either of the others and is in agreement with the mechanics previously 
mentioned. However, it is doubtful if there is always, in nature, a massif 
comparable to the piston. The explanation of the flat portion of the curve 
is probably the same as has been tentatively advanced in previous dis- 
cussions, and that of the secondary thinning appears to be the constantly 
maintained pressure of the incoming block. 

Qualitatively, the graphs of all the limb measurements should throw 
some light upon the relation between stratigraphic thickness and defor- 
mation. They are comparable to the graphs of measurements made in 
the field, for all the limb measurements were there plotted together. 

Figure 4 is a composite of all limb measurements. The form of the 
curves is similar to that of Figure 3 for the limbs toward the plunger. 
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The downward slope of the curves in their later stages is the result of 
measurements made upon overturned folds. 

The observations recorded in Figure 5 were made on Paleozoic shales 
in the Appalachian Mountains, either northwest or southeast of the 
Allegheny front. The overburden at the time of folding in no case is 
supposed to have exceeded 12,000 to 15,000 feet. 


LO 
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Ficure 3.—Toward plunger experiments Ficure 4.—All limb experiments 


The curve with the thickness of the anticline used as unity shows a 
terrace at about 0.8 thickness, which, although slightly higher, is com- 
parable to similar curves of the experimental graphs. 

A number of photographs of drag folds and figured sections have been 
measured as a check against the work done by the writer. The measure- 
ments of pre-Cambrian drag folds show a uniform downward trend in 
thickness with increasing deformation. In May 1938, the writer checked 
the measurements of photographs in the field near Marquette, Michigan. 
He found less relation between apparent deformation and limb thickness 


; 
Ficure 5.—All limbs of folds in Ficure 6.—Ezperimental anticlines 
Paleozoic shales 


than in any other area studied and concluded that repeated deformation 
has complicated and obscured the relationships. 

Curves drawn from measurements made on photographs of drag and 
minor folds in shale show a terrace from a dip of about 20 to 40 degrees, 
at about 0.75 of the original thickness or 0.65 of the thickness of the 
crest of the anticline, making them similar to those from measurements 
by the writer. Both sets of curves drawn from measurements made on 
published sections show a terrace beginning where the dip is about 30 
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degrees and extending to between 45 and 70 degrees. Although the 
thickness variations are great, the curves are similar to those based 
upon the writer’s field work. It is surprising that such seemingly accurate 
section drawing preceded publication of studies relative to the problem. 

The similarity between all the graphs lies in the apparent cessation 
of thinning, followed in turn by renewed thinning with more severe de- 


i Teopass ery 
Ficure 7.—Experimental anticlines Fiaure 8.—Porosity 
and synclines 


formation. It is surprising that the range over which the increased de- 
formation brings about no great change in thickness of the limbs is 
substantially the same in all cases, even in the graphs of published 
sections. The amount of thinning in that range is approximately the 
same in all instances. 

ANTICLINES AND SYNCLINES 

Figure 6 is a composite of all the observations on the experimentally 
developed anticlines. There appears to be a terrace at about 1.2 thick- 
ness. After more severe deformation, thickening begins again, but the 
curve is apparently asymptotic to a figure close to 1.3. This is in accord 
with the results of the limb experiments. 

The rigid, unyielding bottom of the box restricted the formation of syn- 
clines to the depressions between two anticlinal ridges whose number was 
limited by the weakness of the material and its inability to transmit 
stresses. So few points were determined on synclines that they were not 
plotted as separate structures but have been added to the anticlines to 
make a total articlinal and synclinal graph. 

Figure 7 is a composite of all the anticlinal and synclinal measure- 
ments. The thickening in the areas of maximum relief was relatively 
great during the first stages of deformation but later became more slug- 
gish, just as did the thinning of the limbs. Later in the deformation it 
was accelerated, although apparently remaining asymptotic to about 1.3. 
It is to be noted that the synclinal measurements make little difference 
in the form of the graph, producing only a slight decrease in the sharp- 
ness of the terrace. 
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Measurements on photographs of drag folds indicate that most of the 
thickening of the anticlines is completed in the early stages of deforma- 
tion, after which the process is decelerated. In measurements of published 
sections thickening reaches a high value early in the compression after 
which it increased at a slow rate with more intense deformation. Meas- 
urements of photographs of folds in slate indicate that thickening was 
rapid in the early stages of compression, became less pronounced early 
in the deformation, and became more rapid again only after the strata 
had been tilted to a high angle. This later increase was as rapid as the 
earlier one. 

COMPRESSIBILITY OF PARAFFIN 

Four experiments were performed to determine the compressibility of 
paraffin. In two, molten paraffin was poured into wooden containers into 
which pistons could be forced. Beautiful slickensides and shear surfaces, 
at angles of 45° and 30° to the deforming forces, were produced when 
the boxes failed. However, the decrease in volume, under pressures com- 
parable to those of the pressure box, was negligible. When iron pipes were 
substituted for the wooden compression chambers the results were un- 
altered. 

ORIENTATION OF FRAGMENTS 


Flat, unoriented fragments of tin foil and mica were introduced into 
four models in such a manner that they stood at high angles to the bed- 
ding. After deformation, in which there had been transfer of material 
crestward and troughward, the fragments were recovered. Ten out of 
eleven had been rotated so as to have their longest dimension parallel 
with the lines of flow of the paraffin (Daubrée, 1879). 

Some of these fragments had moved toward the anticlines from their 
original position in the limb nearest the piston, and one had retreated 
toward the anticline from the limb away from the plunger. None 
moved from an anticline or a syncline toward the limbs. These results 
may be interpreted as indicating definite movement of material away 
from the limbs and into the rising anticlines. 

Following a suggestion by Behre,’ efforts were made to section some 
of this paraffin to determine its internal structure. These efforts failed 
because of secondary flowage. 


SIGNIFICANCE OF GRAPHS 


The compressibility of wax, under the action of forces of the magni- 
tude used in the pressure box, has been shown to be negligible. No vol- 
ume changes could be detected in the experimental structures. But, even 


7™C. H. Behre, Jr.: oral communication. 
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in the early stages of deformation, flat, unoriented bodies placed in the 
wax tended to be rotated into flow lines, and some of them moved anti- 
clineward. These three lines of evidence indicate thickening and thinning 
by transfer of material-flowage. 

The rapid initial thickening and thinning were due largely to the pres- 
sure of the competent beds in the limbs upon the incompetent ones, after 
the manner described by Willis (1893). But, as the folds rose higher, 
the load was transferred from the limbs to the crests through a bridging 
of the adjacent synclinal areas by the competent layers and the develop- 
ment of voids between beds. This migration of the point of major stress 
brought the flowage to a standstill or possibly reversed its direction. 
The relief of pressure afforded the synclines an opportunity to continue 
thickening. The fact that the inclusion of the synclinal observations in 
Figure 7 tends to obliterate the terrace observed in Figure 6 is confirma- 
tory evidence that the relief of pressure was at a maximum over the 
synclines during this period of the folding. 

As the ridges rose higher with additional compression, the angle of 
repose of the sand overburden was passed. Slipping sand transferred 
overburden to the synclinal areas and compacted the model so that the 
voids were eliminated. After this, the force was transmitted much as 
it had been in the early stages of deformation, and migration of material 
from the limbs crestward and troughward was re-established. 

As the anticlinal ridges increased in height, the load on the crests was 
relieved by the further removal of overburden. In time this permitted 
the model, acting as a unit, to rise like a wedge through the sand without 
noticeable deformation. 

VOLUME CHANGES 


Decrease in the absolute volume of a rock stratum may take place 
in one or both of two ways; (1) by the pressing together of the particles 
so as to decrease porosity; and (2) by the development of new minerals 
of higher density—recrystallization. The present study deals entirely 
with sedimentary rocks, which originally were very porous. According 
to Nevin and Sherrill (1929, p. 6), the greatest compaction of muds 
always occurs during the early stages, and recrystallization becomes a 
dominant factor in the final stages. 

These volume changes are independent of whether the compaction is 
due to the overburden or to folding. Of compaction in general, Lindgren 

(1918, p. 542) says: 

“Tt is also well known that diminution of volume may take place in unconsolidated 

sediments under pressure, by closing of pores and other openings, and by incidental 


squeezing out of any fluid or gaseous phase which the rock may contain. In such rocks 
lateral movements of plastic material may occur, though this would only effect a 
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relative change of volume. Similar relative volume changes occur by recrystallization 
under conditions of rock flowage (as in the case of marble or ice).” 


That such changes take place through deformation is conceded, and their 
approximate value in one case is stated by Leith and Mead (1915, p. 
112-113): 


“Shale changed to slate loses in porosity, but not in mineral gravity. Hence, the 
volume change is one of pore space. This is on the average 12%.” 


This is in spite of the fact that the chief constituents of slates, however, 
are essentially porphyroblastic; far from suffering comminution, they 
have actually been enlarged in size (Behre, 1933, p. 54). 

In the experimental work the volume changes may be considered rela- 
tive, for marked compaction of paraffin is not common. But absolute 
changes, as well as transfers of material, have undoubtedly taken place 
in the Paleozoic shales. The question of where the volume reduction has 
been greatest is important and will be discussed in another section. 

Monoclinal folding may often produce a lengthening of the strata in- 
volved without change in absolute volume. Gilbert (1877, p. 80-82) 
and Dale (1896, p. 567) believed that lengthening takes place in the beds 
overlying a laccolith or similar intrusion. 


POROSITY DETERMINATIONS 


Determinations of the porosity of rock samples were made by the 
method of Russell (1926, p. 931-934) and have been plotted against def- 
ormation in Figure 8. 

During the initial phase of deformation, roughly corresponding to a 
dip of from 0 to 10 degrees, little change can be detected in the porosity 
of the samples. For moderate deformations, up to a deformation rep- 
resented by about 25 degrees of dip, there is a marked increase in porosity. 
The decline curve is fairly sharp from 25 degrees to about 45 or 50 
degrees, after which it becomes increasingly gentle. 

Figure 9 represents a smoothed porosity curve over one of the struc- 
tures in Mineral County, which is represented diagrammatically below 
the curve. It is noteworthy that the porosity maxima occur over the 
anticlines, the minima over the synclines, and that the flanks of the struc- 
ture have intermediate porosities. This curve may be taken as typical 
for all the structures examined. 

The explanation of these relationships appears to lie partly in the 
sampling and partly in the mode of adjustment of the shale to the folding . 
stresses. The samples of rock for examination were always collected 
from the uppermost part of the layer, which is in tension in the anticlines 
and in compression in the synclines. Minute fractures in the bed at the 
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anticline resulting from tension would increase the porosity of the rock, 
while the compression in the synclines would tend to close up pores by 
pushing the particles together and healing any fractures that might have 
developed from shear flowage. 

The limbs of the folds are, according to Willis (1929), under compres- 
sion from the pressure of superincumbent, relatively competent strata. 


/\ | 


\ 
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Figure 9.—Porosity distribution in Fiaure 10.—Crushing strength distri- 
a typical structure bution in a structure 
Samples spaced about 10 feet apart. Samples spaced 10 feet apart. 


This compression is undoubtedly severe and tends to compact the par- 
ticles of rock and, thereby, to decrease the porosity. 

On the other hand, if the present writer’s contentions are valid, minute 
shear surfaces developed during flowage tend to remain open and to 
increase the porosity by an amount sufficient to offset, partially at least, 
the decrease resulting from compaction of the mineral particles. This is 
especially true as the development of shear surfaces is supposed to have 
facilitated flowage away from the limbs and thereby to have reduced 
the compressive stresses at those places. 


CRUSHING STRENGTH DETERMINATIONS 


Determination of the crushing strength of the rock samples was made 
by the impact method. Figure 10 is a smoothed curve of crushing 
strength along one of the typical structures in Mineral County plotted 
against the locations from which the specimens were collected. Below 
this curve is a diagrammatic representation of the structure. 

It is worthy of note that the crushing strength is a maximum in the 
two limbs from which samples 53 and 66 were collected, and in the syn- 
clines near 57 and 70. It should be recalled that the top of the stratum 
(from which the samples were taken) is under compressional stress in 
the synclines. These stresses are believed to have healed fractures in 
the rock and to have increased its crushing strength or to have main- 
tained it at or near its value prior to deformation. 
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A similar explanation may be offered for the high crushing strength 
in the two limbs at 53 and 66. Radial compression resulting from the 
competent stratum above, acting as a strut, may be considered to have 
healed any incipient fractures or shears at those places. The low crush- 
ing strength in the anticline near 64 is believed to have resulted from 
tension fractures that have remained unsealed. 

Although the low crushing strength on the limb near 61 appears con- 
trary to the above reasoning, further consideration proves it consistent. 
This flank occupies the position of a middle limb, and the form of the 
fold indicates that, had compression continued, the eastern third of the 
structure might have overridden the western portion. The thrusting 
stresses are thought to have been in operation, and the resulting strain 
left the rock deficient in strength at that place. 


METHOD OF ADJUSTMENT 
GENERAL REVIEW 


In the section devoted to previous work, the writer mentioned the 
mechanics of incompetent folding as conceived by Willis (1933), who 
attributed the thickening and thinning to the pressure of a competent 
stratum upon the more incompetent strata beneath in the limbs of the 
fold. Thus a differential compression is introduced, and the rock adjusts 
itself by thinning under the greater force and thickening under the lesser. 
Van Hise (1896, p. 600) speaks of the migration of material from areas 
of slight to those of greater relief. Baker (in preparation) says that 
salt and anhydrite flow in similar manner into areas where the superin- 
cumbent load is least and, therefore, the relief is greatest. However, it 
should be recalled that the greatest stress is not always localized at the 
points of inflection on the limbs, nor the least at the crests or troughs. 

It may be argued that pressure alone is insufficient to cause movement 
of solid rock. However, experimental studies (Adams and Nicholson, 
1901, p. 363-401; Adams and Coker, 1910, p. 467) on marble have shown 
that plastic deformation could be brought about by the action of pres- 
sure alone, that heat made the rock more plastic, and that under the 
conditions of the experiments the presence of water exerted little or no 
influence. 

The porosity of shale is greater than that of the marble which had 
been recrystallized before the experiments. Volume relations indicate the | 
probability that the thinning of the limbs of the structures investigated 
in the shale is largely the result of packing together of particles rather 
than migration of material, especially during the early stages of deforma- 
tion. However, these same relations point to a transfer of material 
from the limbs crestward and troughward at a later period. Thus the 
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two processes operate somewhat simultaneously, the former probably pre- 
dominant in the early, the latter in the later stages. 


MECHANISM OF THICKENING AND THINNING 


Adams, with his associates, has conducted experiments upon a variety 
of rocks under diverse conditions and has concluded that weak rocks, 
such as alabaster, steatite, and marble, deform by movements along the 
gliding planes, often accompanied by twinning, the movement being sim- 
ilar to that seen in metals when they are deformed. In strong rocks the 
deformation is accompanied by granulation, the texture developed being 
similar to mylonite (Adams, 1917, p. 637). Marble columns, which had 
undergone recrystallization prior to the experiments, adjusted themselves 
to pressure by shearing. 


“In that portion of the column in which movement has taken place, are certain 
faint lines which when deformation is slight are just barely perceptible, but which 
become more pronounced as the deformation increases. These lines ... are due to 
a very slight displacement along their course... As the deformation goes forward 
and becomes more pronounced the movement, while still taking place simultaneously 
along a great number of these planes, becomes more pronounced along certain of 
them. The movement in impure magnesian limestone has been of the nature of a 
complicated shearing.” 

Sorby (1908, p. 222-223) and Becker (1893, p. 13-90) considered flow 
a continuous shear. Sander (Knopf, 1933, p. 433-470) considers deforma- 
tion of this kind to have taken place along parallel slip-planes which 
may have been developed mechanically by shear. Nadai (1931, p. 76) 
says that in the plastic state of engineering materials parts of the mass 
slide with respect to one another simultaneously along countless slip 
planes. 

Bingham (1922, p. 228) says: 

“A plastic solid is made up of particles which touch each other at certain points. 
The space between the particles may be empty or it may be filled with gas, liquid, 
or amorphous solid. Flow necessitates the sliding of these particles the one over the 
other according to the ordinary laws of friction, so long as the particles are large 
enough so that their Brownian movement is negligible.” 

On the other hand, Behre (1933, p. 53), in discussing Becker’s theories 
of the development of cleavage in slate, says that, “Slaty cleavage is thus 
neither due to shear nor to true flow.” 

Willis (1929, p. 190) sums up the opinion of many American writers 


thus: 


“When a rock mass is forced to shear under great confining stress shearing planes 
tend to be very closely spaced and the displacements on the very numerous planes are 
individually small, even though their total may be large. The effect upon the rock 
is that of flow confined to a thinner or thicker layer.” 


As previously pointed out, the wax in the writer’s experiments migrated 
into the crests of the anticlines or thickened the layers progressively 
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outward from the plunger. However, no effort was made to determine 
the mechanism by which this took place. It is extremely doubtful if 
a knowledge of the manner of wax-flowage would be of assistance in 
determining the method of rock flow. The possibility of compaction 
through loss of pore space, for example, is reduced to a minimum in the 
experimental material, while it is of utmost importance in shale. 

In his field work, the writer repeatedly noted small fractures with an 
orientation essentially parallel with the dip of the beds. Minute dis- 
placements had frequently taken place along these fracture lines, which 
could be detected in the hand specimen with the aid of a lens. 

Microscopic examination of the shales revealed numerous shear sur- 
faces roughly divisible into two sets. The less prominent of these is 
inclined to the bedding and is roughly subparallel with the axial surfaces 
of the folds. The more prominent set is subparallel with the bedding, and 
movement appears to have been greater along it than along the other. 

It seems probable that the method of flowage in the shales under con- 
sideration was by shearing. Such a method would account for the fact that 
the metamorphic effects are not pronounced, as the forces could thus have 
been relieved before they became intense enough to produce molecular 
rearrangement. 

The mineral composition of the shales is decidedly uniform, and no 
change could be detected which correlated with deformation. Quartz 
constitutes more than nine-tenths of the rock, with calcite, kaolinite (or 
another of the hydrous silicates), muscovite, and limonite almost always 
present. Amorphous carbon, biotite, chloritic material, leucoxene, and 
rutile were frequently recognized and, more rarely, a feldspar. The com- 
position apparently bears out the writer’s contention that recrystalliza- 
tion was unimportant as a flow mechanism. 

Even in crystals plastic deformation consists of a series of slips parallel 
with some crystallographic plane and is produced by a shearing stress 
(Joffe, 1928, p. 49). Deformation progresses intermittently ; in the inter- 
val between jumps the speeds are zero throughout the entire crystal; 
during the jump they are independent of the acting force. The force 
determines the number per second or the time interval between two suc- 
cessive jumps and influences some process going on during this time 
which prepares for the next jump. This process is now the most impor- 
tant problem in the explanation of plastic deformation. The close spacing 
may be explained by surface irregularities on the individual shear sur- 
faces, that is, the magnitude of the force producing a gliding varies 
inversely as the smoothness of the surfaces. It is then easily seen that 
a new slip will occur in the middle of a strip where distortion is least, 
and first in the largest strip. 
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Willis (1929, p. 190) expresses the opinion of many geologists when 
he speaks of shear flow as a phenomenon of depth: 

“The experiments of Frank Adams, which are described in Chapter xviii, demon- 
strate the degree of unbalanced pressure necessary to crush minerals under great 
confining pressure, and indicate that the load must be equivalent to that which the 
rocks carry at a depth of 30 miles (48 kilometers) below the surface... At much 
shallower depths local pressures may develop intense stresses that rise to the degree 
indicated, and mashing probably may occur anywhere below the zone of open 
fractures, say below 3 to 5 miles (5 to 8 kilometers) provided the opposed stresses 
are adequately concentrated and take effect before other adjustments can be reached.” * 

The writer cannot altogether accept the view that shear-flow is a phe- 
nomenon confined to great depths. He can find no mention in the litera- 
ture of great covering in the areas studied, whereas Campbell (1896, 
1925) and Reger (1923, 1926) indicate that only a few thousand feet of 
superincumbent strata were present at the time of folding. If the inter- 
pretation herein set forth is correct, then shear-flow must be a phenome- 
non of all depths up to a few thousand feet from the surface. 

In the area near Parsons the folds are in the Chemung, but for purposes 
of calculation of overburden at the time of folding the whole of that 
series has been treated as having been superimposed upon the folded 


strata: 


Feet Feet 
nee 204 more than in Tucker County 
—— (Martin, 1902, p. 140-145) 
56 more than at Parsons (Reger, 
1926, p. 146) 
Exposed at Parsons (Reger, 1923, p. 146).............cceeecceeeeees 5107 


8 Van Hise (1896, p. 694), defined mashing as follows: ‘‘Under mashing is included the process which 
is usually described in geological writings under the terms dynamic metamorphism and shearing, the 
authors meaning by the latter differential movement along certain parallel planes.” 
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The folds in the Mineral County area are all in Chemung® shale, 
which was treated as superimposed, as in the computations at Parsons. 

Although Reger (1924, p. 90) apparently does not consider the Dunkard 
to have been present, it has been included: 


Feet Feet 
(Martin, 1902, p. 140-145) 
—— addition to Mineral and Grant 
cos. exposures (O’Harra, 1900, 
p. 128-129) 
Exposed outside of Mineral and Grant counties...................0- 1068 
171 Exposed at Elk Garden 
Exposed in Mineral County (Reger, 1924, p. 194).................0.. 9424 


. In the Bland County area, Reger (1926, p. 186) and Campbell (1925, 
p. 88-89) doubt the former extension of the Pottsville far east of its present 
outcrop. Perhaps the Maccrady shale was the youngest formation in 
this part of the Appalachian geosyncline, and neither the Carboniferous 
limestone nor the coal-bearing rocks of Pennsylvania age were ever de- 
posited here. 

The folds on the slopes of Brushy Mountain are in what Campbell 
(1896) calls the Kimberling shale, which is upper Devonian. Assuming 
the Chemung and Portage (upper Devonian) to overlie them entirely, 
according to previous practice, the thickness of overburden up to and 
including the Maccrady shale is: 


Feet Feet 
2450 


® Log of pre-convention field trip, American Association of Petroleum Geologists’ mid-year (Pitts- 
burgh) meeting, 1937, p. 8. 
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Feet Feet 
545 Exposed at New Richmond, Mercer 
Co. (Reger, 1925, p. 271-273) 
5091 Exposed at Stony Gap, Mercer Co. 
(Reger, 1925, p. 271-273) 
MINI sad 1795 And at Alderson, Monroe Co. (Reger, 
—— 1925, p. 271-273) 


That the writer is not alone in his belief that a transfer of material by 
what Willis has called “shear-flow” can be accomplished at moderately 
shallow depths is shown in a study by Wilson (1934, p. 513-514) who 
says that rearrangement has been accomplished along many closely- 
spaced joints in such a way that movement along one joint surface was 
small but the total amount large. This deformation occurred under a 
cover of only about 10,000 to 14,000 feet. Behre (1933, p. 51) regards 
shear-flow as a near-surface phenomenon. He says that, in the absence 
of moderate overburden, fracture, shear, or flowage without conspicuous 
recrystallization is likely to occur. 

If it is true, as Adams (Adams and Coker, 1910, p. 487) fas stated, 
that flowage with the development of cataclastic structure—snear—takes 
place where the differential resistance is low, the problem becomes one 
of finding such places. It is unquestioned that the deeper a rock is 
buried the greater is the pressure due to overburden. If, as indicated by 
the Chamberlin hypothesis (1907, 1925), the tangential thrusts are deep 
seated, it is likely that a decrease in such forces also takes place surface- 
ward. If the rate of decrease of load is less than that of thrust, it follows 
that differential resistance is decreased by approach to the surface. There- 
fore, the tendency to fail by shearing would be greater at shallow depths. 

A number of factors influence the transfer of material (Van Hise, 1904, 
p. 7387-738) and in all probability modify the mechanism. Some of these 
factors are: the nature of the rocks themselves, the time involved, the 
depth of burial, the temperature attendant upon the deformation, the 
water or oil content of the rocks, the rapidity of the application of the 
stresses and their magnitude, the porosity of the material, the amount of 
induration, and the kind of indurating cement. 


CONCLUSIONS 


1. Although there is a tendency for incompetent beds to thin at places of maximum 
stress and vice versa, the relationship between thickness and degree of deformation is 
not simple. Other variables, as distribution of competent layers, faulting, heat, 
induration, intrusions, overburden, time and duration or application of forces, must 
be given due weight. 

2. The existing methods of determining stratigraphic thickness from surface data 
give results sufficiently accurate for economic and structural purposes. 


i 


1566 STRALEY, III—SMALL-SCALE NON-CONCENTRIC FOLDING 


3. Future experimentation of a quantitative nature should be confined to methods 
capable of more exact control than the pressure box. 

4. Statistical and volume relations indicate that in the shales under consideration: 

a. Compaction by packing together of shale particles is predominant in the early 


stages of deformation. 

b. A cessation of the thinning process occurs for a time during the progress of 
deformation. Thinning may again be resumed with further deformation. 

c. A transfer of material, largely by shear-flow, from areas of high stress to those 
of low, becomes important ‘in the advanced stages of deformation. 

d. Recrystallization appears to have been of minor importance throughout the 


entire period of deformation. 

5. Shear-flow, instead of being exclusively a phenomenon of considerable depth, is 
shown to have occurred within less than 2 miles of the surface of the earth. 

6. The relationship between porosity and deformation appears to be complicated 
by the method of adjustment of the rock to the deforming stresses. 
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ABSTRACT 


Intruded into the Fort Union sedimentary formations is a remarkable assemblage 
of igneous rocks. In the southern part of the area, granites, many phases of diorite, 
gabbro, and peridotite occur as stocks, laccoliths, sills, and countless dikes. In the 
northern part of the area, super-alkaline rocks occur in profusion in laccoliths, sills, 
dikes, and three volcanic necks, as well as in a small diorite stock. No effusive rocks 
occur in the area. The sediments of the northern area have been intensely folded 
along north and south axes. In the southern area the Fort Union beds form a broad 
flat syncline plunging gently northward. Where pierced by the diorite stock the beds 
are arched and dip away on all sides. More than 20 different types of igneous rocks 
have been determined here. Many chemical analyses, including some mineral 
analyses, are presented. The rock analyses disclose one common feature—a richness 
in barium and strontium—pointing to a common magma. Pegmatites are absent. 
Pneumatolytic agents aré not in evidence. The magma was evidently dry. Lateral 
compression evidently attended emplacement of the intrusives. 


GEOGRAPHY 
INTRODUCTION 


The geographic position and height of the Crazy Mountains, near the 
natural lines of travel crossing the plains to enter the mountains of east- 
ern Montana, made them conspicuous landmarks and attracted the at- 
tention of the early explorers, without inducing a closer examination. 
Thus, Lewis and Clark passed the southern foot of the mountains in 1806 
and named Shield’s River. F. V. Hayden in 1872 speaks of the distant 
range (he called them the “Crazy Woman Mountains”), and Captain 
Ludlow’s expedition in 1873 passed down the south fork of the Mussel- 
shell River, at their north end, where E. S. Dana (Dana and Grinnell, 
1876), the accompanying geologist, noted the theralite sills of Comb 
Creek. 

The Northern Transcontinental Survey in 1882 sent its chief topog- 
rapher, A. D. Wilson, to map the range, and in 1883 the writer, under that 
Survey, made the first geologic exploration. In 1889 a second visit was 
made for the United States Geological Survey and in 1907 a third, inde- 
pendently. Walter H. Weed, accompanied by J. P. Iddings and L. V. 
Pirsson, made visits between 1890 and 1895 for the United States Geologi- 
cal Survey, to cover details the writer could not visit, and subsequently 
described the areal and structural geology in the Livingston and Little 
Belt Mountains folios (Iddings and Weed, 1894; Weed, 1899). In 1907 
the writer was accompanied by G. R. Mansfield and H. E. Merwin, whose 
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assistance is gratefully acknowledged. Mansfield (1909) published an 
account of the glaciation of the range. 


GENERAL DESCRIPTION 


The Crazy Mountains are a cluster of high and rugged peaks, whose 
structure, together with the unusual character of the igneous rocks and the 
magnificent exposures, give them geologic interest. They consist of 


Ficure 1—Crazy Mountains from Big Timber 


Looking northwest. Sketch by L. H. Dykes, from old photo- 
graph, taken when the present town did not exist. 


sandstones and shales of late Cretaceous or Eocene age into which three 
great cores of igneous rock have been injected with thousands of associ- 
ated laccoliths, sills, and dikes. No effusive rocks are present. 

The igneous rocks and the sediments hardened by contact metamor- 
phism have resisted the general erosion of the region and now stand as 
lofty monuments. 


SITUATION 


The mountains lie in the central part of Montana, between meridians 
of 110° 15’ and 110° 45’ West longitude, and parallels of 45° 45’ and 
46° 30’ North latitude. Their general trend is a little west of north, their 
length about 45 miles north-south, and their width 25 miles east-west. 

They are bounded at the south by the valley of the Yellowstone River, 
which emerges from the lowest of its canyons some miles west and flows 
east across the Great Plains; and at the north by the Musselshell River, 
also flowing east to the Missouri. The Northern Pacific Railroad, follow- 
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ing the Yellowstone River, is south of the range, and the Chicago, Mil- 
waukee, St. Paul and Pacific, following the south fork of the Musselshell 
River, is north. Big Timber and Livingston on the Northern Pacific, and 
smaller towns on the railroad to the north, make accessibility easy. From 
the ranches at the east and west bases of the mountains, roads lead up 
several of the canyons. 

These mountains are the southernmost and highest of a chain extending 
nearly to the Canadian boundary. They are outliers east of the main 
Rocky Mountains cordillera and near the western edge of the Great 
Plains. In order, north from the Crazy Mountains, are the Little Belt, 
Judith, Highwood, and Bearpaw Mountains, and Sweet Grass Hills. 
About 30 miles west of the Crazy Mountains lies the Bridger Range, here 
the frontal range of the cordillera. 


TOPOGRAPHY 


General character—The Crazy Mountains present an impressive out- 
line from all sides. Rising from a flat, sloping bench, the peaks reach alti- 
tudes greater than 11,000 feet above sea level and 6000 feet above the sur- 
rounding country. Figure 1 gives a general view of the range from the old 
site of the present town of Big Timber. It is about 25 miles from the river 
(foreground) to Crazy Peak, the high peak in the center, which has an 
altitude of 11,175 feet above sea level; Big Timber is 4,000 feet above 
sea-level. Intervening are the long sloping benches, rising in steps to the 
steep base of the mountains. From the summits, snow extends half way 
down the visible slopes; this, combined with the 7000 feet difference in 
elevation, makes them a conspicuous landmark for a great area east of the 
front range of the Rocky Mountains. The highest peaks and most rugged 
topography occur in the southern half of the mountain area, where Crazy 
Peak reaches 11,175 feet and Sunlight 10,000 feet. In the northern 
half, Loco Mountain (9187 feet) is the highest point, and the general ele- 
vation drops northward to the Musselshell River (see map, Pl. 18). 

The mountains are well watered; there are heavy snows in winter and 
frequent showers in summer, sometimes of cloudburst character. The 
drainage is distinctly radial, especially in the southern part where the 
principal streams head well into the central diorite stock, but turn south 
to the Yellowstone River after leaving the mountains. Big Timber, Sweet 
Grass, and Rock creeks are the largest. Shield’s River catches the west- 
ern drainage but heads in the Shield’s River Basin, a wide inter-mountain, 
transverse valley separating the northern and the southern parts of the 
range. The northern part drains principally into the Musselshell River, a 
tributary of the Missouri, but at the extreme northwest corner branches of 
Sixteen Mile Creek flow west to join the Missouri. 
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Southern area—The scenery of the southern mass? is unsurpassed in 
grandeur and beauty and is viewed advantageously from the upper can- 
yons of Big Timber and Sweet Grass creeks. In general the peaks are 
sharp, many of the aiguille type, connected by arétes rising vertically 
above the numerous lakelets in the amphitheaters. Thirty-one of these 
can be counted, some in groups of four; only one (Forest Lake) lies in the 
northern area. From one of the highest peaks sharp tooth-like summits 
may be seen, separated by perpendicular notches cut in the diorite stock 
and the hard rocks of the contact zone, whereas the peaks in the more 
normal sediments around the stock have curving divides. 

The larger streams of the southern area head in the lakelets occupying 
basins high up in the amphitheaters. In ascending one of the larger 
streams, such as Rock, Big Timber, or Sweet Grass, one finds the valley 
comparatively broad at first, bounded by high bluffs, which gradually 
merge into higher cliffs, so that as one nears the central peaks the valley 
contracts to a gorge in the contact zone, in which the stream descends 
400 to 1000 feet in a series of beautiful cascades (Pls. 1, 2, 3). Above 
this fall line the valley widens out again to a typical alpine valley. 

It is not within the scope of this paper to describe the glaciation and 
physiography of the mountains, but a summary from Mansfield’s paper 
(1909, p. 566-567), previously mentioned, is here given: 

“During the Glacial period the Crazy Mountains were the seat of local glaciation. 
Cliff, valley, and piedmont glaciers were formed, the largest being on the southeast 
and east sides of the mountains where some attained a length of 10 to 18 miles and a 
thickness of 500 to 1000 feet. Glaciation is not extinct. A small cliff glacier occurs at 
the head of Big Timber canyon and another in Sweetgrass, while a third is reported 
at the head of Rock Creek. Previous to glaciation the region had reached an early 
stage of peneplanation and had been revived in two partial cycles of erosion. Glacia- 
tion did not continue long enough to modify pre-existing topography, but did produce 
broad, deep troughs in the weaker rocks and arétes in many of the sharp divides. 
Later stream erosion has incised the glacial deposits and, in some places, the old 
trough floors.” 


Figure 2 shows the glacier near the head of Big Timber Creek, the 
remnant of a much larger one, which once occupied the amphitheater. 
The jagged pinnacles in the background are characteristic of the topog- 
raphy. Plate 10, figure 1, shows a typical lakelet near the head of a 
cirque on the east fork of Swamp Creek. Plate 1 shows the cascade in 
the adinole at the east contact zone in Big Timber Creek. The nearly 
horizontal bedding is seen at the top right. 

Plate 2, figure 1, shows the summit of Crazy Peak. The banded rocks 
outcropping at the lower left, and occurring as loose blocks elsewhere, 
are the banded hornstones next to the diorite contact, which is to the 
right beyond the picture. Figure 2 of Plate 2 shows a hanging valley 


1 For illustration of features of Big Timber stock area consult Figures 2 to 4 and Plates 1-7, 9. 
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Ficure 1. Summit oF Crazy PEAK 


Figure 2. HANGING VALLEY OF SOUTHERN FORK OF Bic TIMBER CREEK 


CRAZY PEAK AND HANGING VALLEY IN BIG TIMBER CREEK 
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in the southern fork of Big Timber Creek, and figure 1 of Plate 3 shows 
an 800-foot cascade from a lakelet at the head of Rock Creek, cut in 
adinole. Figure 2 of Plate 3 shows a hanging valley on the southern 
rim of the canyon farther down Rock Creek than figure 1. In the cirque 
seen beyond the rim there was reported to be another small residual 
glacier. 


Ficure 2——Glacier near head of Big Timber Creek 
Sketch by E. Raisz, from a photograph. 


Figure 1 of Plate 4 is a view southeastward over the lower end of 
Shield’s River Basin showing the high peaks in the distance. Figure 2 
of plate 4 is a nearer view of the lower basin looking east of south at 
the same high peaks shown in figure 1. These peaks are formed of some- 
what indurated shales, dipping gently toward the observer (northwest) 
and cut by hundreds of dikes, sills, and a few small laccoliths. The 
metamorphism by these intrusives accounts for much of the induration. 


Northern area.—The northern mountains are far less rugged and of 
lower elevation than the southern; vegetation is more abundant, and 
the scenery different in character. The highest summit, Loco Mountain, 
is in a flat area covered with grass and flowers. Lebo Peak and its 
neighbors are sharply defined by steep amphitheater walls. The western 
peaks are lower. North of the depression containing Cottonwood Creek 
and Forest Lake at its head, the summit rises to 8000 feet, and within 
a short distance develops into a broad, gently rounded flat summit 
sloping gently west of north to the south fork of Musselshell River. 

Whereas in the southern area the sediments have generally low dips, 
in the northern area the dips are steeper, and the strike is parallel to the 
- northerly trend of the range. Conformable sills and laccoliths commonly 
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stand up as walls. These “combs” or “reefs” are also abundant in the 
foothill slopes, especially at the northern termination where they were 
noticed by E. 8. Dana (Dana and Grinnell, 1870). They give the name 
to Comb Creek. 

Outlying buttes, of which Porcupine, Theralite, Coffin, and Gordon 
buttes and the Three Peaks are the most conspicuous, rise high above 
the surrounding benchland and are noticeable features both on the map 
and in the field. Each is underlain by an intrusive sill or laccolith 
whose hardness has preserved it during the erosion of the softer sedi- 
ments. Allied to them are the knobs in which many of the mountain 
spurs terminate. 


SEDIMENTARY FORMATIONS 
GENERAL CHARACTER 


The sedimentary formations in the mountains proper belong chiefly 
to the Fort Union group; they are massive sandstones near the base, and 
predominantly shales above. In a few places are thin layers of limestone. 
The sandstones are of medium grain, yellow, olive-gray, drab, or choco- 
late; they are arkosic or tufaceous, and poorly cemented. The clastic 
constituents are highly assorted and are made up of abundant angular 
to sub-angular fragments of quartz, orthoclase, microcline, plagioclase 
(sodic to calcic), and fewer grains of decomposed biotite, hornblende, 
and augite, and still fewer of sphene, zircon, and other accessories. At 
least equal in amount and often predominating are well-rounded frag- 
ments of rhyolites, dacites, and porphyries, with a glassy or crypto- 
crystalline base, and, less commonly, basaltic types. Rounded frag- 
ments of red or gray slates, composed of quartz grains in a micaceous 
cement, though common, are subordinate to the igneous rocks. Rounded 
fragments of limestone are occasionally found. In places carbonate fills 
interstices and replaces clastic grains. A single bed of conglomerate, 
25 feet thick, was found at the extreme head of Cottonwood (Pine) 
Creek ? on the southwest side of the mountains, interbedded in the sand- 
stones. The pebbles are quartz, banded flinty slate, porphyritic igneous 
rocks, quartzite, and a crinoidal limestone (probably Carboniferous). 

The parent rocks from which these sediments were derived evidently 
included coarsely crystalline quartz-feldspar rocks, such as granites, 
syenites, gabbros, and lavas mainly of siliceous types. Red and gray 


2On the map (Pl. 18) are two Cottonwood creeks; one at the southwest draining into Shield’s 
River; the other at the northeast, heading above Forest Lake and flowing northeast into the 
Musselshell. The southwest one was called ‘Pine Creek’? and the northeast one ‘“‘Cottonwood”’ on 
the original map of the mountains, but in later maps ‘‘Pine’’ has been changed to Cottonwood. To 
avoid confusion in the text, the word “Pine’’ has been added to ‘“‘Cottonwood’”’ where the south- 
western creek is meant. 
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Ficure 1. Lower END OF SHIELD’s River Basin 
View looking southeast. 


Ficure 2. CLose-up oF Ficure 1 
Taken with high-power lens. 


SHIELD’S RIVER BASIN 
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Ficure 1. LooKING DIAGONALLY DOWN Rock CREEK 


Ficure 2. Brack MounrtTaAIN, FROM THE SOUTH 


CONTACT OF DIORITE AND SEDIMENTS 
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siliceous slate contributed much material, and clastic limestone frag- 
ments little. 

The shaly or slaty types dominate in the great dome of sediments 
dipping off from the Big Timber stock and are at least 2000 feet strati- 
graphically above the lower Fort Union horizon of massive sandstone. 
The denser and less shaly character, beginning a mile from the real con- 
tact, is largely due to the swarms of sills and dikes intersecting the shales 
and metamorphosing them. This metamorphism increases toward the 
contact. The metamorphosed rocks are grey, yellow, dull red, greenish 
and black, and microscopically are made up of minute angular to rounded 
grains of quartz, various feldspars, clastic muscovite, biotite, and chlo- 
rite in a cement of micaceous material and cryptocrystalline quartz. 


ROCKS OF THE CONTACT ZONE 


Inner Contact Zone.—On approaching within 600 feet of the diorite 
contact the moderate outward dip of the sedimentary rocks steepens to 
vertical or is even reversed, and the igneous rock penetrates the sedi- 
ments in lit-par-lit injection, parallel or oblique to the stratification, 
forming banded crystalline schists. For a distance of about 300 feet 
from the contact, the sediments are altered to a fine-grained, well- 
banded crystalline rock. Fragments of the sedimentary rocks are en- 
closed in the diorite, and aplite dikes cut the complex. This relation 
has been observed on both the east and the west sides of the stock in 
three places: on the north side of Big Timber Canyon, on Crazy Peak, 
and near the lake at the head of Rock Creek. The Rock Creek contact 
is often covered with snow, even in summer, and is now probably 
drowned by the little lake above the dam. 

Figure 2 of Plate 5 shows the sedimentary rocks of Black mountain, 
dipping westward, away from the diorite. The contact is in the gap at the 
right. Glaciated adinole shows in the foreground. Lower down Rock 
Creek the dip is reversed (PI. 5, fig. 1). 

At the contact is a diopside-biotite schist, dark green where rich in 
diopside and brownish green where rich in biotite. The minerals of 
seven specimens studied from these localities show considerable variety, 
and they are concentrated in layers. A pale green diopside in granular 
aggregates or imperfect prisms is abundant in most specimens and makes 
up as much as 50 per cent of some. Biotite, abundant in some thin 
bands, is scarce in others. Feldspar and quartz are invariably present. 
The feldspar is chiefly plagioclase, ranging from labradorite to oligo- 
clase, but commonly includes some orthoclase. Poikiloblastic texture is 
universal, with feldspar and quartz the hosts; but larger grains of pure 
quartz suggest the remains of clastic material. Actinolite is present and 
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commonly diopside and anthophyllite. Magnetite is subordinate or 
wanting, pyrite rare, apatite and sphene common. Clinozoisite is occa- 
sionally present in veinlets or unit crystals. Garnet and scapolite are 
practically wanting in this inner zone, as is calcite. 

In the sedimentary rocks on the north side of Big Timber Canyon, 
at an altitude of 7800 feet, a little out from the inner contact, is a 10-foot 
band of a dense white rock, resembling fine-grained marble, with black 
bands representing shale (?). Veinlets of scapolite, quartz, tremolite, 
clinozoisite, idocrase, and labradorite parallel the stratification. The 
rock is microscopically a banded aggregate. Bands of diopside form 
most of the rock and alternate with bands of scapolite crystals (prob- 
ably dipyr) enclosing droplets of diopside. Larger grains of quartz and 
feldspar are probably clastic remnants. The resemblance to marble or 
jadeite is caused by the diopside and scapolite. 


Adinole-—Farther out from the contacts, for a mile or more, the sedi- 
mentary rocks are partially altered to a dense, banded, flinty adinole. 
The bands are cream white, purplish, greenish gray, chocolate-colored 
or black, and give picturesque colors to the cliffs. The cascades in Big 
Timber, Sweet Grass, and Rock creeks are caused by this rock (PI. 1; 
Pl. 3, fig. 1). Microscopically, it is very fine grained. Some large clastic 
grains of quartz and feldspar can be identified, but minute grains of 
diopside and a sericitic mineral make up most of the rock. Actinolite, 
epidote, albite, sphene, and pyrite are accessories. A little scattered 
calcite remains, and in larger amounts at a distance from the contact. 
Rarely andalusite “knots” are present, and in many places magnetite in 
small crystals is abundant. 


Chemical Relations of Rocks in the Contact Zone—Five chemical 
analyses of contact rocks and their modes calculated from the analyses 
are given in Table 1. 

The diorite at or near the contact has been modified, probably by 
assimilation and interaction with the country rock, and it has more lime, 
magnesia, and potash than the diorite in the center of the stock. There 
is little difference chemically and mineralogically between the diorite 
at the contact and the adjacent sedimentary rock. In the outer or 
“adinole” zone the chemical composition of the sedimentary rock is 
much like that nearer the contact, but the mineral composition is differ- 
ent. Part of the calcite remains; diopsidic augite makes up more than 
half the rock; potash feldspar is wanting; and albite-oligoclase is sub- 
ordinate. A sericitic mineral is abundant and accounts for the potash. 
This mineral may be from the original shales. 
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An estimate of the chemical composition of the diopside in specimen 
209 ’89, calculated from the rock analysis,* is: 


SiO, 50.00 Optically: vac = 40° 
Al,O; 1.59 y—a = .025 
Fe:O3 0.75 (Approximate) 
FeO 8.1 
CaO 27.3 
MgO 12.3 

100.04 


Although aplites are common in the diorite and near the contact, no 
pegmatites were observed. Tourmaline, topaz, and similar pneuma- 
tolitic minerals are absent. The scapolite band suggests a probable 
chlorine content; apparently this was a “dry” magma. 


GEOLOGY OF THE SOUTHERN AREA 
GENERAL STATEMENT 


At the southern end of the range, between the Yellowstone River and 
the foothills of the mountains, broad benches are general, with few big 
buttes. Sheep Mountain, a little north of the river, is the most prominent 
butte. The strata here dip five to ten degrees north and contain a sheet 
of igneous rock which forms cliffs facing the Yellowstone. From Sheep 
Mountain, north by west to the foothills or spurs, the dips are gener- 
ally low and northerly. This bench area is about 10 miles long, north 
to south. Near the mountain base a few thin sheets of igneous rocks 
are present, and long vertical dikes extend out from the range as much 
as 3 to 4 miles. Extending around from the south end, both east and 
west, similar benches are underlain by strata dipping gently toward the 
range, with a few conformable intrusive sheets, which, where thick, 
form buttes. The general structure here is a broad flat synclinal basin, 
the axis inclined northward into the range. The surfaces of the east and 
west benches dip about three degrees southward away from the range. 

Generally, on the east and west sides, vertical dikes are not found 
except close to the foothills, where they are numerous; but the sheets 
form buttes many miles out. These are evidently not remnants of intru- 
sive sills once continuous with the igneous center but resulted from the 
local rise of magma. This is shown by their lenticular shape, thickest 
where the buttes are highest, and thinning lower down around the 


periphery. 


8 Numbers of the specimens given in the tables of analyses and elsewhere in the text are given 
for identification of the two series: one collected for the U. S. Geological Survey in 1889 (’89), 
now in Washington, and the other by the writer in 1907 (’07), now in the mineralogical laboratory 
at Harvard University. 
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In the central part of the range, in and near the diorite stock, vertical 
dikes are very numerous, but they decrease in number toward the foot- 
hills, whereas sills remain abundant. Evidently magma was forced 
laterally, parallel to the stratification, more easily than across it, except 
in the uplifted and domed strata associated with the diorite stock, where 


Taste 1—Chemical analyses and calculated modes of rocks from the contact zone 
of the Big Timber stock 


57.31 57.97 54.62 52.41 49.06 
14.24 15.65 17.23 15.56 13.01 
24 .38 .70 .59 .29 
.52 60 .58 56 .51 
18 15 n. d. n. d. 34 
_ .08 tr n.d 08 41 
100.52 100.69 99.77 100.81 100.87 
Modes (calculated from the chemical analysis) 
Fel { Andesine {Labradorite Andesine Labradorite 
29. 38. 35.3 34. 
45. 24. 38 54 45.7 
CS ae 2. 9. 2 5 3.2 
1.6 21 13.3 
Accessories.......  ..... _ 1.9 4. 
102.2 100. 100.7 100.4 100.2 


171a’89. Hornfels, contact zone, Sweet Grass. W. F. Hillebrand, analyst. 

243a’89. Diorite at contact Rock Creek. ‘Shoshonose.”’ W. F. Hillebrand, analyst. 
171b’89. Hornfels. Contact zone, Sweet Grass. Biotite rich band. J. E. Wolff, analyst. 
209'89. Purple adinole, Big Timber. J. E. Wolff, analyst. 

243b’89. Contact diorite and slate, Rock Creek. J. E. Wolff, analyst. 
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radial tension produced by the uplift of the stock formed cracks that 
allowed the intrusion of dikes. 

With one exception, theralite and other alkalic rocks so abundant in 
the northern area have not been found in or near the central diorite 
stock. The southernmost occurrence of theralite is in “Theralite Butte” 
at the entrance to Cottonwood (Pine) Canyon. 


BIG TIMBER DIORITE STOCK 


General character—tThis central stock has an irregular oval plan, 
elongated in the axis of the range and narrowing at its north end, where 
it plunges beneath the sediments. It is 614 miles long north-south, 
4 miles wide east-west; 22 square miles in area. This is deeply dissected 
by the canyons of Big Timber Creek and its branches, less so by that 
of Sweet Grass Creek, affording a vertical section of more than 3500 feet 
between the canyon floors and the highest diorite summits. Variations 
in the rocks can be studied in three dimensions. The outline which 
follows is based on a few days of study in a region difficult of access, 
and much may be added by further work. 

In this area, as one enters the range proper by any one of the larger 
canyons, such as Big Timber or Rock Creek, the sediments retain their 
gentle inward dip, with some minor folding, as far as the contact zone, 
where the dip reverses and is away from the diorite, rising to as much 
as 40 degrees, as seen from the higher peaks; but at the actual contact 
lower down in the canyons the strata are vertical or overturned, and 
there is a zone of intense metamorphism and injection by the igneous 
rock, making the actual contact vague. Evidently the intrusion was 
accompanied by strong east-west pressure. The truncated dome of the 
sediments surrounding the central diorite stock culminates in a fring- 
ing ridge with inward-facing cliffs, which include Crazy Peak at the 
southwest, and continue north, on the east and west sides. It is cut 
through by Big Timber, Sweet Grass and Rock Creek canyons. In its 
upper course, Sweet Grass Creek cuts through the diorite and into the 
northern edge of the contact zone, the diorite plunging north in the axis 
of the stock, under the cover of strata which form a high east-west 
ridge (10,000 feet) dipping gently north. The general effect is that of 
a crater-like rim of hardened slates and contact rocks, a mile wide and 
11,000 to 9000 feet above sea level, which is cut through by the three 
creeks just mentioned, with cascades and narrow gorges in the hardened 
contact zone, and a sharp drop to the softer sedimentary rocks lower 
down. Aithough the dome structure of the sedimentary rocks suggests 
a conformable boundary with the diorite, this is not the case, for the 
contact seen from the higher peaks, as in Big Timber Canyon, is in- 
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clined 40-45° outward, whereas the slates dip only 15 degrees. Hence, 
the diorite is a stock and not a laccolith. As the diorite retains its coarse 
grain (away from the contact) in the highest exposures, a considerable 
thickness of igneous rock and cover must have existed before erosion. 
A rough measurement across the stock from east to west, with the arch- 


Ficure 3.—Contact of adinole and diorite at the head 


of Sweet Grass Creek 
Sketch by E. Raisz, from a photograph. 


ing sediments prolonged to meet, would give 2700 feet above the present 
summit as a possible upper contact at 13,400 feet above sea level. Such 
& vague guess merely illustrates the statements already made, and, as 
the Fort Union strata now present may have had younger Tertiary 
formations laid down before the intrusions of the igneous rocks, the 
original cover may have been much thicker. 

Figure 1 of Plate 6 shows the lower valley of the south fork of Big 
Timber Creek as seen from the east at a point high up on the north wall 
of the main stream. Granite Peak (extreme right) shows vertical joint- 
ing. In the center, over the rim, are the sides of the upper valley. At 
the top-left is Crazy Peak. Figure 2 of Plate 6 shows Crazy Peak 
(right center) and the valley of a southern fork of Big Timber Creek 
(center). The mountain slopes illustrate the extreme dissection of this 
area, which is mainly in hardened sediments, enclosing swarms of dikes 
and other intrusions. 

Figure 1 of plate 7 is a view looking west into the head of Sweet Grass 
Creek, from a point high up on the divide between that creek and the 
head of American Fork. On the horizon at the left center is Conical 
Peak; on the right is the rim of the high peaks bounding the stock. The 
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west contact of the stock and the metamorphosed sediments is near the 
bottom of the picture; the peaks in the left foreground are in the diorite. 

Plate 7, figure 2, is a panorama from lower Shield’s River, looking 
southeast at the mountains forming the rim of Big Timber stock. The 
picture was taken after an August snowstorm; the snow brings out the 


Ficure 4—Contact of adinole and diorite at the head 
of Rock Creek 


Sketch by E. Raisz, from a photograph. 


stratification of the hardened slates and sandstones which dip gently 
away from the diorite. 

Figure 1 of Plate 9 is a view looking west from Half Moon Park (fore- 
ground) at Granite Peak, in the left center. Main Big Timber Creek 
heads to the right of the peak; the extreme head is just seen on the far 
horizon. To the left (south) of the peak, the hanging valley from the 
first south fork drops in cascades to the main creek; adinole in bands 
of various colors is seen in the high cliff (middle right), dipping gently 
down stream to the east. Figure 2 of Plate 9 is a nearer view of Granite 
Peak, from the east. An indistinct vertical structure is shown in the 
rock. The hanging valley at the left is also shown in Plate 2, figure 2. 

Figure 3 is from a photograph, looking west up Sweet Grass Creek, 
above the cascades and eastern contact of the stock. The foreground, 
along the flat-bottomed valley, is in the diorite, which rises up the long 
slope on the right (north) side until it plunges beneath the capping sedi- 
ments. The diorite extends on the left (south) side up the near slope, 
of which only a small part shows in the picture. The high peak in the 
left center and background is adinole. The west diorite contact crosses 


PL. 7 
SSS 
<s 
| 


1584 J. E. WOLFF—IGNEOUS ROCKS OF CRAZY MOUNTAINS 


the valley near its foot. The chain of peaks forming the high back- 
ground is part of the encircling rim of peaks forming the northwest cover. 

Figure 4 is taken from the same place as figure 2 of Plate 5, but with 
a wider-angle lens. It shows the slope of Black Mountain (upper left), 
the gap, the diorite (upper right) curving from the contact to the base 


of the slope (lower right), and the adinole at the (left) bottom. In the 


center of the lake (right) is a little tongue of rock in which the diorite 
and sedimentary strata form an intimate, vertically banded mixture. 

Petrography.—A coarse, granular diorite is the dominant rock of the 
Big Timber stock, but there is considerable variation. A granitic rock 
is prominent in the interior of the mass and at a low level, so that, from 
the summit of Crazy Peak, looking north into the broad upper valley 
of the north fork of Big Timber Creek, a great mass of white rock is 
seen rising from the floor of the valley, half way to the summit of the 
surrounding ridges, where it is capped by the darker diorite. Examined 
in place, it has, from top to bottom, a height of about 1000 feet from 
the capping diorite, and the contact dips south toward Crazy Peak. 
This rock extends westward toward Conical Peak, with a horizontal 
diameter of 2 miles, and traces of it occur east of the head of Rock Creek. 
Marked vertical banding is seen in the rock in Big Timber Canyon. 
White bands of medium grain alternate with darker bands or with bands 
of coarser normal diorite, or the white rock appears as cement in brec- 
ciated diorite. The width of the bands varies from an inch to several feet. 
In some places, contacts between adjacent bands are sharp; in others, 
there is a gradation; it is plain, however, that the white bands are later 
than the coarse diorite, although contemporaneous with the dark diorite. 

Near the main contact, aplite dikes also occur as a younger intrusion. 

The earlier formation of the coarse, black, mafic phases of the diorite 
is shown by the many rounded fragments of these rocks enclosed by 
granite or diorite and by an extensive shatter breccia at the north base 
of Crazy Peak, near the lakelets at that place, where fragments of the 
diorite are cemented by granite. 

A few examples of the many variations in the mineral and chemical 
composition of the diorite complex are given in Table 2. Most of the 
analyses were made by Hillebrand and others, in the laboratories of 
the United States Geological Survey, and these are included in Washing- 
ton’s tables, but the numbers given there are not those used in the 
present report, which uses the field numbers on the hand specimens and 
sections. Other analyses include several made for the writer by F. A. 
Gonyer, one or two by the writer, and some rough estimates computed 
from the Rosiwal data. Several Rosiwal analyses made with a Leitz 
integrator and eye-piece micrometer (marked I and E, respectively), 
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Taste 2—Chemical analyses, norms and modes of rocks of the Big 


169°89 166a'07 22189 5'07 21989 
53.48 50. 50.73 47. 46 
19.35 22. 19.99 21. ll. 
2.37 4. 3.20 5. 10. 
4.90 4. 4.66 4. 8. 
3.67 3. 3.48 4. 9. 
7.55 ll. 8.55 13. 12. 
4.07 4. 4.03 3. 3. 
1.41 2. 1.89 tr 1. 
0.80 tr 0.66 tr tr 
0.16 0.11 eee see 
1.07 tr 1.59 tr tr 
0.62 1 0.81 1 tr 


tr ‘tr 
"0:06 
0.11 0.11 
0.19 .27 
tr tr 

99.89 100.13 98 100 

Norms 
18.90 18.90 8.34 11.12 ° 5.00 3.34 
38.25 25.68 34.58 34.06 eee0 13.10 10.48 
12.23 19.47 30.30 30.86 20.02 20.02 
"3:00 «97102 "304 24186 8394 
6.29 2.96 13.18 5.35 an 7.12 7.82 
3.02 1.16 rere 5.64 ee cove 6.50 4.15 
0.67 0.34 1.34 2.02 0.34 

Modes by volume 

45 68 40 25 
18 tr eee 
21 tr 1 
5 6 28 21 
9 15 5 33 
5 14 eevees 4 10 8 
2 3 oo 8 6 
tr 2 1 1 
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5'07. 


Granodiorite, main stock, Big Timber Canyon. Plagioclase is oligocl Dacose (I)II.4”.2. 


. Diorite near contact, Sweet Grass Canyon. Shoshonose, II".5.3.3". W. F. Hillebrand, analyst 


Diorite, main stock, Sweet Grass Canyon. Andose, II.5.3’’.4’’ (166a'07 and 221’89 are the san 


. Coarse diorite, Big Timber Canyon. Belongs to the same class as 221'89 and 169'89. Pl: 


Coarse diorite, Big Timber Creek. Andose, II.5.3’’.4’. W. F. Hillebrand, analyst. 
Fresh normal diorite, Big Timber Canyon (slide rock). Analysis calculated from mode. (22' 


with Rosiwal analyses are similar.) 


219°89. 
44'67. 
227'89. 
2.2 2(3). 
“co”, 
1307. 
166'07. 


Coarse diorite, at 9000 feet elevation on north side of Big Timber Creek. Plagioclase is c 

(Iddings, collector). Picrite, Conical Peak. Auvergnose, III.(IV).5.’"4.4. L. G. Eakins, anal 

Gabbro, Big Timber Creek. 162a’07 is similar and was used for Rosiwal analysis. Plagiocl 
(Represents 162a’07, glacial boulder from Big Timber.) W. F. Hillebrand, analyst. 

Mean of six analyses of diorite phases, Crazy Mountains. In norm, no nepheline. Campto 

Mean of thirteen analyses of Essexites, Rosenbusch, 1907, p. 218. In norm, 11.69% nephelir 

Olivine essexite, Mt. Royal, Montreal, Quebec. M. F. Connor, analyst. 

Diorite, north side of Big Timber Creek. Phenocrysts of sodic labradorite and andesine. 

Diorite near contact, Sweet Grass Creek. The plagioclase is calcic labradorite. 


214’89 243a'89 44'67 227'89 
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Zircon...... 
Olivine... 
243a’89 
1662’ 07 
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Analysis calculated from mode. 
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computed to volume or weight, or both, are given. The norms of the - 
C. I. P. W. classification are used, some with the Rosenbusch names. 

A variation diagram of the rocks of the southern area is shown in 
Figure 5. At the top of the diagram are given the numbers of the 
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Ficure 5.—Variation diagram of rocks of the southern area 


specimens analyzed. In these rocks, Al,O; has a minimum of 10 per cent 
at 40 per cent SiO, (the femic gabbro) and rises to a maximum of 20 
per cent in the coarse diorites which have 67 per cent of labradorite 
in the mode and have 57 per cent SiO,. It continues high in the other 
diorites to 58 per cent SiO., and then drops in a straight line to 13 per 
cent in the aplite at 74 per cent SiO,. FeO and Fe.O;, from a high at 
the mafic end, separate widely at the picrite and then diminish through 
the diorites and dike rocks to a low in the aplite. FeO is invariably 
greater than Fe,0;. MgO rises rapidly to the picrite and then drops 
below CaO and declines steadily to the aplite. CaO is below MgO at the 
left, but soon passes it and continues greater to the end. Soda is only 
aw little over one per cent in the rocks with low SiQ,, rises rapidly to 
4 per cent at 50 per cent SiO., and remains near that value in most of 
the rocks. It declines slightly in the silica-rich rocks. Potash rises from 
1 per cent in the silica-poor rocks to 6 per cent in the silica-rich rocks. 
Soda is in greater amount than potash in the rocks with less than 70 per 
cent silica, but it is less in the more siliceous rocks, due to the abundance 
of potash feldspar. Detailed descriptions of analysed and some other 
rocks are given on the following pages. 
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The granitic rocks (214’89 and 22’07) are white, of finer grain than 
the normal diorite, and speckled with evenly disseminated mafic min- 
erals. They are made up of plagioclase (Ab;,Anz.), orthoclase, quartz, 
and hornblende (, , c=19°, y and 6 are grass-green, a light yellow- 
green), biotite, magnetite, sphene, apatite, and zircon. The rock is 
dacose. In this type, hypersthene and augite are wanting and the 
orthoclase is faintly microperthitic. 

Under “diorite” a great variety of rocks is necessarily included, from 
quartz diorites, through normal diorites, to mafic phases of gabbro and 
peridotite. Without more detailed field work it was impossible to deter- 
mine whether these variations were local or followed some law of dis- 
tribution, but the variability of the general magma is evident. 

In general, these rocks have the following minerals: plagioclase, rang- 
ing from andesine to bytownite; the content of “An” increases as silica 
decreases, and the feldspar itself diminishes in amount until subordinate 
in the olivine-gabbro; quartz and orthoclase diminish toward the gabbro 
side; hornblende and biotite are invariably present; augite is generally 
present; olivine occurs sparingly in the intermediate varieties, but is 
prominent in the gabbro. Hypersthene (a bronzite) is irregular in dis- 
tribution, commonly absent or in small amount but abundant at the 
mafic end. The hornblende is basaltic (2V (—) = 80-—82°, Yac’= 
19 — 20°, y = deep chestnut-brown, 6 = lighter brown, a = pale brown.). 
It is therefore not barkevikite but is analogous to that of the Monteregian 
Hills. The pyroxene, a magnesian diopside near pigeonite, is pale green, 
2V (+) = 50-55°, Y~c=31-42°. Magnetite, a little pyrite, apatite, 
and sphene are the usual accessories. The texture in some varieties 
is granitic, with an orderly succession of the minerals, apatite and 
magnetite, plagioclase, bronzite, augite, hornblende, and biotite in order; 
in other varieties, large crystals of augite, hornblende, or biotite may 
enclose the other minerals, which also form a groundmass. 

A glance at the mode determinations (Table 2) shows the great 
mineralogical variation of the series. Plagioclase varies from 66 to 21 
per cent, orthoclase from 16 to 0 per cent, quartz from 23 to 0 per cent, 
augite from 21 to 0 per cent, biotite from 15 to 4 per cent, hornblende 
from little in the granitic rocks to 33 per cent. Bronzite is absent in 
most of the rocks but reaches 8 per cent in some. Magnetite is as high 
as 16 per cent in some rocks; olivine is present in small amount and 
only in the mafic rocks. 

The classification is difficult. The norms show a great range, but 
many of the modes do not correspond. Some of the mafic rocks show a 
similarity to essexites, but they differ in the absence of the highly alkalic 
minerals and in the facts that the hornblende is not barkevikite and that 
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Ficure 2. Dikes NEAR GAGE CREEK 
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Ficure 2. CLoser view oF Figure 1 
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the augite is near pigeonite. They seem to belong, rather, with the 
normal diorite-gabbro-peridotite families. The “Montrealose” (227’89), 
the most mafic rock of the diorite stock analyzed, came from near the 
contact and is similar to the olivine essexite from Mount Royal, Quebec, 
of which the analysis is introduced for comparison (Analysis C, Table 2). 


Ficure 6—Complez of ragged dikes above Swamp Creek 
View of a spur, as seen from ridge above the creek. Sketch by 
E. Raisz, from a photograph. 


The alkalies are higher in the rock from Mount Royal and the norm has 
5 per cent nepheline, whereas that of (227’89) has none. The iron 
oxides are much higher in the rock from the Crazy Mountains. Thus 
the association of the one rock with alkalic rocks and the other with 
ordinary gabbros is reflected in the mineral and chemical compositions. 


DIKES AND SILLS 
Petrography.—Literally thousands of minor intrusives are present in 
the stock and surrounding sediments. They include dikes and sills, and 
some of the sills grade into small, bulging laccoliths a hundred or more 
feet thick in the center. In some places, Swarms of parallel vertical 
dikes are spaced a hundred feet or so apart (Plate 8, figure 2). In the 
canyons in the contact zone many vertical cliffs show a network of 
irregular dikes, which occupy half the space. In places the dikes have 
a radial direction in relation to the center of the stock, especially in the 
meridional and east-west directions, but also in varying azimuths. Sills 
parallel to the east- and west-dipping main contacts are common, and 
the actual contact may be obscure, because the rocks are mixed. This 
can be seen on the eastern contact in the canyon of Sweet Grass Creek, 
and on the western contact at the head of Rock Creek (Fig. 6). 
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Although detailed descriptions of the more than 100 specimens studied 
in thin section seem undesirable, as, for the greater number, a simple 
grouping into a few facies or families will suffice, some examples are 
given in more detail. The rocks range from aplite and granite-porphyry, 
through porphyritic diorite, or diorite-porphyrite, into lamprophyric 
rocks and camptonites. With one exception they seem to belong to the 
diorite magma, either as aschistic or diaschistic intrusives, and they show 
no lenads and no relaticns to the alkalic rocks to the north, unless the 
camptonitic dikes are so considered. 

Eight analyses of rocks belonging to this group are given in Table 3, 
and brief descriptions of each are given on the following pages. Chem- 
ically, these rocks are much like those of the stock itself (Table 2). 
However, the aplite has 74.37 per cent SiO., and much more K,O than 
Na.O, due to the abundance of quartz and orthoclase in the mode. The 
shonkinose (17007) from Sweet Grass Canyon is the only rock of the 
alkalic series found to cut rocks of the diorite series. 

Aplite dikes represented by Specimen 205’89 (Toscanose) are very 
common in the diorite and are the youngest of all the igneous rocks, for 
they cut porphyritic dikes which cut the diorite. They are the richest in 
silica of the igneous rocks of the whole range, surpassing the quartz 
porphyry which is present in both the southern and the northern areas. 
The aplites are usually an inch to a foot wide and ramify through the 
diorite. They are not all of exactly the same age, for dikes of the same 
composition but of different granularity cut one another. The rock 
analyzed consists of orthoclase (microperthitic), calcie oligoclase, quartz, 
a little biotite, bronzite, and magnetite. Other specimens consist of 
microcline, albite-oligoclase, a little biotite and muscovite, zircon, and 
other constituents, with much quartz. In all, quartz and the feldspars 
predominate. The norm of 205’89 is essentially the mode, with quartz 
33 per cent, orthoclase 36 per cent, and oligoclase 28 per cent. 

A dike on upper Sweet Grass Creek is represented by Specimen 173’89 
(Lassenose). It is a white rock with phenocrysts of hornblende, biotite, 
and calcic andesine, and & groundmass of orthoclase, oligoclase, and 
quartz in a microgranitic texture. It is a quartz latite porphyry. A 
calculated mode is: 


Plagioclase (average Abz2An,)... 46. 
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Taste 3.—Chemical analyses and norms of rocks of the dikes and sills in or associated 
with Big Timber stock 


205’89 173’89 16389  53’89 218’89 177'07 192’07 170°07 


74.37 66.28 64.49 58.28 54.56 55.58 53.06 49.76 
ss 0.73 0.80 0.86 1.35 4.30 3.52 3.68 4.70 
0.87 2.06 2.42 2.98 4.98 4.16 3.86 3.24 
0.35 1.57 1.24 1.30 2.86 3.27 4.84 5.52 
1.26 3.53 3.79 4.76 6.00 5.82 6.30 6.84 
WE. 6ssses 2.57 4.36 4.19 4.40 4.43 3.89 3.28 4.06 
Bosc tus 6.09 3.20 4.15 3.75 2.70 3.06 2.76 4.78 
H.O+....... 0.25 0.78 0.54 1.78 0.38 1.54 2.64 2.66 
H,0O—....... 0.05 0.12 0.06 0.44 0.02 
0.29 0.50 0.51 0.96 1.34 0.76 1.29 0.98 
Co ae 0.06 0.20 0.23 0.35 0.60 0.34 0.16 0.63 
0.03 0.04 0.06 
none none none 
ae tr tr tr 0.09 0.06 0.06 0.1 0.12 
SESS tr 0.05 0.08 0.09 0.08 none 0.02 0.08 
ea 0.10 0.34 0.30 0.25 0.27 0.28 0.10 0.34 
tr tr? tr tr tr 
100.11 100.00 100.11 100.48 100.16 100.05 100.05 99.80 
Norms 
32.70 17.76 138.86 5.58 2.70 3.36 2.64 
eee 36.14 19.46 24.46 22.24 16.12 18.385 16.68 28.36 
Se 22.01 36.68 35.68 37.20 387.20 33.01 27.77 17.50 
Oe eee 5.84 15.01 15.85 21.96 20.02 21.68 25.58 9.45 
0.89 0.68 4.94 6.70 4.16 16.95 
1.16 6.84 5.90 6.07 8.24 9.21 12.38 
1.16 1.16 1.16 1.86 6.26 5.10 5.34 6.73 
0.61 0.91 0.92 1.82 2.58 1.52 2.43 1.98 
0.51 0.67 0.67 1.34 0.67 0.33 1.34 


205’89. Aplite dikes in diorite on Crazy Peak. Toscanose, I’’.4."2.(2) 3. W. F. Hillebrand, yst. 

173’89. Dike on spur at forks of Sweet Grass Creek. Lassenose, I (II).4.2’."4. W. F. Hille- 
brand, analyst. 

163’89. Dike in adinole, Sweet Grass Creek. Toscanose, I’’.4”.2’3”. W. F. Hillebrand, analyst. 

53’89. Slanting dike in gap between two peaks, south of Shield’s River Basin. Piedmontose, 
I (1I).5."3.(3) 4. W. F. Hillebrand, analyst. 

218’89. Large north-south dike in center of diorite, north slope of Big Timber Creek. Andose, 
11.5."3.4. W. F. Hillebrand, analyst. 

17707. Dike on spur running north from 10,000-foot summit north of Sweet Grass Creek. 
Andose, II.5.3.’’4. F. A. Gonyer, analyst. 

19207. Dike, ridge southwest of south fork of Shield’s River. Andose, II.5.3.(3)4. F. A. Gonyer, 
analyst. 

170.07. Dike near east contact of diorite on Sweet Grass Creek. Borolanose, II.(5)6.2.3”. The 
norm has 9.37 per cent nepheline. F. A. Gonyer, analyst. 
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Compared to the aplite 205’89, the proportion of andesine here is 
much greater, orthoclase and quartz much less; consequently, soda has 
the dominance over potash, common to nearly all the Crazy Mountain 
rocks. The aplite is one exception, with potash far dominant. 

A dike in the adinole (163’89 Toscanose) is less silicic than the pre- 
ceding. Andesine and soda and potash are equal in amounts. It is similar 
to Specimen 173’89 with phenocrysts of brown hornblende, biotite, and 
calcic andesine, but in the groundmass both hornblende and biotite are 
present with abundant laths of oligoclase and intersertal quartz and 
orthoclase. It is a quartz monzonite porphyry. 

An inclined dike in the adinole, well out from the northwest edge of 
the diorite, is represented by Specimen 53’89 (Piedmontose). It is de- 
composed and has labradorite, augite, and hornblende phenocrysts in a 
groundmass of oligoclase and augite (7). 

Specimen 218’89 (Andose) is from a large vertical dike, striking north 
and cutting the center of the diorite mass. It is a gray, medium-grained 
rock with small phenocrysts of andesine (Ab,;An,), abundant bronzite, 
biotite, augite, and a little green hornblende, in a groundmass of quartz, 
orthoclase, oligoclase, and magnetite. Chemically, it is close to Specimen 
169’89 (diorite), but. differs in mode by the abundance of bronzite. It is 
made up of about 50 per cent of plagioclase and is a diorite porphyry. 

Specimen 177'07 is from a dike on the spur north of Sweet Grass Can- 
yon, descending toward the head of American Fork. It is typical of the 
white porphyries which are common along this divide, northward to the 
head of Big Elk Creek. It has phenocrysts of sodic oligoclase and basaltic 
hornblende, in a groundmass made up mainly of sodic oligoclase and 
quartz with a little hornblende, biotite, apatite, magnetite, and augite. 
This rock generally has black angular segregations of hornblende, bio- 
tite, and apatite. The norm is andose, similar -to Specimen 218789, but 
the mode is different. It is a diorite porphyry. 

Specimen 192’07 is from a dike in the adinole northwest of the stock 
and near the outcrop from which Specimen 53’89 was taken. It is a dark 
diabase and has phenocrysts of labradorite (An,;;) and augite (a pigeon- 
ite, y , ¢ = 38°, 2V = 46°) in a groundmass with intersertal texture and 
made up of laths of labradorite (more calcic than Ang), augite, biotite, 
magnetite, and a little interstitial orthoclase and quartz. 

Specimen 170’07 is from an outcrop at the eastern diorite contact in 
Sweet Grass canyon, which forms narrow irregular bands cutting an 
older gray porphyry sill. The norm is shonkinose, and it is the only 
rock, found in place, cutting the dioritic series, which belongs with the 
northern alkaline series. It therefore establishes the younger age of 
that series. The glacial boulder of theralite in Big Timber Canyon 
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Figure 1. LAKELET AT HEAD OF East Fork or Swamp CREEK 
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suggests there are other similar occurrences. It is a gray rock with 
abundant small phenocrysts of biotite and augite and a little basaltic 
hornblende. The augite phenocrysts are pale green, diopsidic augite 
(2V (+) = 58°, y, ¢ = 40°). The biotite has oblique extinction. The 
groundmass is mainly laths of anorthoclase, similar to that in the alkalic 
syenites to the north, with a little biotite, augite, magnetite, and apatite. 
Between the anorthoclase crystals are patches of an isotropic mineral, 
either analcime or sodalite, probably the former, for the analysis has no 
Cl and too little S to form noselite. The norm, however, has 9.37 per 
cent nepheline, but the mode none. This rock differs from the nepheline 
rocks of the north in the absence of modal nepheline and noselite, and 
the presence of hornblende, not hastingsite. 

Among the dike rocks that have not been analyzed, the phenocrysts 
are plagioclase, ranging from calcic labradorite to sodic oligoclase, brown 
hornblende (not barkevikitic but basaltic with y , ¢ = 21 — 19°, 2V 
(—) = 80° + 2°), biotite, augite (diopsidic to pigeonite), magnetite, 
and, rarely, bronzite. In the groundmass, laths of oligoclase dominate 
and are‘usually more sodic than the phenocrysts. Rarely, oligoclase com- 
prises practically the whole rock, and the rock is an “oligoclasite”. The 
ferromagnesian minerals may be present either singly or in combination 
in both the phenocrysts and the groundmass. Nearly all the rocks con- 
tain interstitial quartz, apatite, magnetite, and other constituents. A few 
have a little orthoclase. The color of the hand specimens is usually light- 
to dark-gray. 

As a group, there is an evident relationship to the granite-diorite rocks, 
and not to the northern alkalic rocks. Lacking chemical and Rosiwal 
analyses, a mass of detailed descriptions would have little value and 
interest. The common names would range from aplite and quartz 
porphyry, to monzonite, diorite-porphyry, and lamprophyric rocks, in- 
cluding camptonites. One biotite-malchite may be mentioned as a sill 
in Sweet Grass Canyon. Prefixes such as hornblende or augite, might 
be given to varieties. 

Outlying Sills—At the east and west bases of the range, outlying 
buttes are preserved in the general erosion of the sediments by the hard 
capping, and conform to the gentie inward dip of the sediments. Evi- 
dently the sill-form and lack of vertical dikes at the fringes of the range 
are due to the lack of vertical fracturing here as compared to that in 
and near the igneous core. 

Figure 1 of Plate 8 is a photograph from the south wall of the lower 
canyon of Sweet Grass Creek, some miles down stream from the cascades, 
where the stream is cut in the high-level bench-lands. The shale and 
sandstone show a gentle westerly dip into the mountains (west) and a 
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small fault at the left. In the center (top and right) is a thick sill of 
porphyry, parallel to the stratification, illustrating the tendency of such 
sills to occur some distance out from the igneous center, and not asso- 
ciated with vertical dikes. 

Figure 2 of Plate 10 was taken from the top of Theralite Butte, look- 
ing north along the lowest escarpment of the range, above Shield’s River 
valley which is seen in the middle left foreground. The benches dipping 
east into the range are formed by several thick sills of porphyry, dipping 
conformably with the sediments. In the distance, a long massive sill 
of diorite porphyry west of Shield’s River forms a ridge diagonal to the 
general trend. 

Along Brackett Creek, at its junction with Shield’s River, out from 
the west base of the range, is a ridge, 4 miles long, underlain by a sill 
of coarse diorite porphyry, 100 feet thick. It shows columnar structure 
and has hardened shales above and below it. It strikes northeast con- 
formably with the sedimentary formations and dips 20 degrees. It has 
phenocrysts of calcic labradorite, augite, and biotite, and a groundmass 
of oligoclase, biotite, and a little orthoclase and quartz, and is identi- 
cal with some phases of the main diorite. It lies 20 miles southwest 
from the main diorite contact, strikes radially to the main stock, and is 
the westernmost observed occurrence of rocks belonging to the diorite 
series. This indicates an underground extension of the diorite and yet 
the strike carries the line directly to Theralite Butte at the mouth of 
Cottonwood (Pine) Creek, which is the southernmost exposure of the 
alkalic rocks. 

At the eastern base of the mountains, several similar outlying buttes 
are underlain by sills—for instance, the butte with an elevation of 6342 
feet, on the northern rim of Big Timber Canyon, 6 miles due east of the 
east diorite contact. This sill is 100 feet thick and conformable to the 
gentle inward dip of the enclosing shales. 

Porcupine Butte, a much larger outlier northeast of lower Sweet 
Grass Creek, appears to have deflected the upper part of that creek from 
a northeast course and caused it to flow southeastward to the Yellow- 
stone River, although to the north all the drainage flows northeastward 
to the Musselshell River. It occupies the apex of a triangle, connecting 
the centers of the Big Timber stock, 15 miles southwest, and of the Loco 
Mountain stock, 13 miles northwest. This sill or laccolith is at least 200 
feet thick. It is granite-porphyry, with phenocrysts of quartz, calcic 
oligoclase, biotite, and pale green hornblende, and a groundmass of sodic 
oligoclase, hornblende, much quartz and orthoclase, and some magnetite. 
It resembles the porphyries of the Loco Mountain area, but also the 
rocks of some sills in Sweet Grass Canyon (173’89, Lassenose). 
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Ficure 2. HUGE BLOCKS OF GRANITE PORPHYRY NORTH OF TARGET PEAK 
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Ficure 2. JoINTING IN THERALITE 


THERALITE EXPOSURES 


Ficure 1. SILLs OF THERALITE, NORTH OF SHIELD’S River Basin 
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GEOLOGY OF THE NORTHERN AREA 
GENERAL STATEMENT 

The northern group of mountains is separated from the higher, 
southern group by the transverse east-west depression, Shield’s River 
Basin, in which Shield’s River rises. Some of the features of this north- 
ern area and of Theralite Butte are shown in Plates 10-17, and figures 
7 to 17. The sedimentary rocks which cover the northern end of the 
Big Timber stock dip gently northward and are horizontal in the basin, 
but to the north, owing to intense east-west compression, they rise into 
low north-south ridges whose axes are in harmony with the general 
northerly trend of the range. One would naturally suspect a fault sepa- 
rated this structural break between the two parts of the range, but the 
writer has seen no evidence of it. In fact, in the upper part of the 
“basin” large north-south dikes cross Shield’s River at intervals and no 
dislocation was observed. Hence, a fault, if present, was antecedent to 
these intrusions. Indeed, only one fault was observed in the whole range: 
a crushed zone near the southwestern edge of the northern area, where 
the shales are turned up vertically, parallel to the general strike. This 
zone was followed for some distance southwesterly but was not traced 
farther. 

Petrographically the northern area differs from the southern in the 
predominance of super-alkalic rocks, with only the small diorite stock 
of Loco Mountain similar to the great one of Big Timber. This has a 
similar small dome, with a limited contact zone and less rock variety. 
Aside from this stock, and a single laurvikite stock, the igneous rocks 
occur generally as laccoliths and sills and as dikes. 

Directly north of, and above, the Shield’s River Basin a remarkable 
combination of thick and thin sills and laccoliths is folded with the 
sediments into a large anticline, the nose sloping south to the basin, and 
the flanks dipping east and west. Plate 11, figure 2, is a view from the 
south, across Shield’s River Basin, to the great plunging anticline with 
intrusive sills and laccoliths dipping with the sediments. To the left 
(west) of the center of the highest peak is the axis of the anticline. At 
the right is the white bluff of Target Peak, a nepheline-syenite laccolith, 
dipping northeast; to the left (west) is a succession of thinner sills of 
alternating theralite, soelvsbergite, and akerite, which continue to the 
axis of the anticline, where a thick sill or bulging laccolith of theralite, 
60 to 100 feet thick, changes dip from east to west, and runs obliquely 
down the mountain to the southwest (Fig. 16). 

Directly north of this area, behind the long ridge of nepheline-syenite 
(Virginia Peak, Pl. 14, fig. 2) and west of it, is the dissected laccolith 
called “The Great Theralite Cliffs” (Pl. 15, fig. 1). Farther west are 
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the remarkable exposures of the “Three Peaks” (Figs. 11, 12 and Pl. 16). 
North of Virginia Peak is the dome of Mt. Elma, and at the head of 
Comb Creek the stock of laurvikite. 

Other features to be described lie north and northeast of the anticline: 
The small diorite stock of Loco Mountain; Gordon Butte, the thickest 
mass of theralite (Fig. 14) ; Coffin Butte, the northeast outlier of thera- 
lite (Fig. 15); “Theralite Butte” at the extreme southwest foot of the 
mountains (Pl. 12, fig. 1; Pl. 13, fig. 2), on Cottonwood (Pine) Creek, 
and some others, including three breccia necks. 

Intermingled with the theralites and other nepheline rocks are masses 
of white porphyry, granite porphyry or quartz latite porphyry and 
akerites. A large body lies one mile north of Target Peak and is one- 
eighth of a mile long. Huge weathered blocks mark the ridge, 300 feet 
wide, but the solid rock is covered. It is either a huge vertical dike or 
a thick sill (Pl. 12, fig. 2). East of Target Peak, large sills of similar 
rock dip easterly (Fig. 9). White porphyry sills continue between the 
heads of Shield’s River, American Fork, and Big Elk Creek. Farther 
north, in Mt. Elma and along the flat summit toward Comb Creek, they 
are also found. They are thus closely associated with the alkalic rocks 
and probably belong with that group; in the southern area, with its 
thousands of dikes and sills, this type is scarce. 

ALKALIC ROCKS ALONG THE WESTERN FOOT OF THE RANGE 


Between the mouth of Comb Creek and “Three Peaks”, numerous 
dikes of theralite and soelvsbergite outcrop in the lower foothills. These 
two complementaries are closely associated and in some places both are 
in one fissure, apparently by successive intrusions. In the lower (west- 
ern) part of Shield’s River Basin this belt continues south, becoming 
narrower, and terminating in the great mass of Theralite Butte, a high 
knob on the north side of Cottonwood (Pine) Creek, where it issues from 
its canyon. The summit of Theralite Butte is 7400 feet above sea level 
and 1000 feet above its base. It has high cliffs on the west and a gentle 
dip slope to the east. Several hundred feet of sediments that dip north- 
ward 5° to 10° outcrop at the base of the butte and are conformably 
overlain by a sheet of massive theralite, about 185 feet thick, which 
causes the prismatic jointing of the theralite to stand 85° from the hori- 
zontal. (PI. 13, fig. 2.) As seen in profile from the west side there is a 
gentle depression in the center, suggesting that this may originally have 
been a saucer-like mass, analogous to Gordon Butte. Plate 12, figure 1 
shows Theralite Butte, with the vertical and horizontal jointing of the 
theralite and the gentle east dip of the laccolith. The present exposed 
dimensions are about three-quarters of a mile east to west and two-fifths 
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Ficure 1. TARGET PEAK, FROM THE SOUTHWEST 


Ficure 2. SYENITE LACCOLITH OF VIRGINIA PEAK 


LACCOLITHS OF TARGET AND VIRGINIA PEAKS 
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of a mile north to south. On the southwest side, 100 feet below the base 
of the laccolith is a ragged cross-cutting sheet of alkalic-porphyry and 
irregular dikes of theralite below the main sheet, which may have been 
feeders. This is the southernmost exposure of theralite found in the 
mountains, as Gordon Butte is the farthest northeast. To the western 
edge of the Big Timber stock, 9 miles distant, only sills and dikes allied 
to the diorite are found, and the same is true to the northeast beyond 
the stock, except for a small glacial boulder of porphyritic theralite 
found in Big Timber Canyon and a later dike of shonkinose in the Sweet 
Grass contact zone. No other alkalic rock has been found associated 
with the diorite stock. 


DIORITE STOCK OF LOCO MOUNTAIN 


This stock has an area of about 414 square miles in an irregular oval, 
3 miles east-west, 114 miles north-south. It has therefore only one-fifth 
the area of the Big Timber stock. It forms the highest peak of the 
northern area, 9187 feet above sea level, but its dissection is relatively 
limited. Glaciation was slight in this area, and the dissecting canyons, 
mainly Big Elk Creek and its branches, are short. Hence the exposures 
do not compare with those in Big Timber and associated canyons. The 
contact zone is cut by Big Elk and Cottonwood creeks. The meta- 
morphism is much less intense and mainly of the adinole type. W. H. 
Weed (1899, p. 2) made a study of the stock and the contact zone, sup- 
plementing the limited field work of the writer. The core rock consists 
mainly of diorite, ranging from a granitic quartz diorite to more femic 
varieties, but the ultra-mafic gabbroic and peridotitic varieties of the Big 
Timber stock seem to be absent. Biotite, hornblende, and augite appear 
as mafic minerals, with quartz, orthoclase, and plagioclase (from calcic 
oligoclase to labradorite). Dikes of diorite porphyry cut the core and the 
contact zone, with abundant intrusions of white porphyries (granite por- 
phyry and others). The abundant intrusions of this type, in association 
with the alkalic rocks, suggest a genetic relation between the two mag- 
mas, but nowhere has a direct contact between the two classes of rock 
been observed. 

Figure 7 shows the dissection of the core at the head of Big Elk Creek, 
the level summit of Loco Mountain, the north and northwest sides, and 
other surroundings. In the foreground is the rolling base-level surface 
of the summit. The first cirque at the extreme lower left is the head of 
a tributary of Cottonwood Creek; beyond it is another tributary, sepa- 
rated by a ridge; and beyond that is Cottonwood Creek itself, under the 
arrow marked “Forest Lake”. This creek curves to the northeast, below 
Forest Lake, and runs in a deep canyon to its exit from the mountains, 
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the upper parts of which are seen at the base of Mt. Elma. Beyond the 
upper valley of the creek the long syenite ridge of Virginia Peak forms 
the horizon. The area in the foreground is underlain by shales and 
sandstones, altered slightly by the diorite stock; more so, by the numer- 
ous dikes and sills of porphyries; all truncated by the base-level. Thera- 
lites and alkalic porphyries are abundant in this whole area. 


Virginia Ph. Forest Lake. Mt Elma 


Ficure 7—Panorama from top of Loco Mountain 
Looking south of west. Drawn by L. H. Dykes from a photograph. 


Ficure 8.—Head of Big Elk Creek 


As viewed from Loco Mountain. Drawn by E. Raisz, from a 
photograph. 


Figure 8 shows a cliff exposure of the Loco Mountain stock, a flat pene- 
plain in the distance cut in the diorite stock, and the vertical jointing 
of the diorite. 

TARGET PEAK 

This laccolith of nepheline syenite is a striking feature among the 
summits north of Shield’s River Basin, as seen from the basin (Pl. 14, 
fig. 1). It forms a high, white bluff with precipitous face to the west 
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and flat slope eastward. The maximum thickness from the bottom con- 
tact with the shales to the present summit is about 100 feet. It is con- 
formable to the underlying shales, and dips with them 50° SE and strikes 
N 46° E. It shows columnar structure at right angles to the lower con- 
tact. The present exposures, roughly estimated, would form an elongated 
oval four-tenths of a mile northeast and one-tenth southeast. The slop- 


Ficure 9—Target Peak 


Viewed from south side of Shield’s River Basin. Sketch by E. 
Raisz, from a photograph. 


ing back is covered with slide rock, and the limit is vague. Figure 9 
shows Target Peak (center) ; at the right (east) is another mass of white 
porphyry, and to the left other sills, all dipping east and forming the east 
side of the anticline. (Compare the panorama of the whole anticlinal, 
Pl. 11, fig. 2.) Plate 14, figure 1, shows a closer view of Target Peak from 
the southwest. The dip of the floor sediments of the syenite mass is seen, 
also the contact and (from left to right in the foreground) a lower, con- 
formable sill or porphyry. The thinning out of the main laccolith to the 
eastward is seen at the lower right, also the columnar structure, inclined 
with the dip. 

Figure 10 shows Target Peak from the southeast. The upper narrow 
valley of Shield’s River, nearing its head, extends from right to left, 
below the middle of the drawing. The river flows from east to west 
(left) through the widening “basin” to its exit from the mountains, where 
it turns south to the Yellowstone River. The white syenite laccolith of 
Target Peak, seen from this angle, shows a much greater areal extent 
than would be suspected from the other photograph, taken nearly at an 
angle of 90 degrees to this (Pl. 14, fig. 1). Part of this white pedestal 
owes its apparent height to slide rock, but it forms a striking feature in 
the landscape. 
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GREAT THERALITE CLIFFS 


These theralite exposures shown in the drawing (Pl. 15, fig. 1) were 
photographed in 1889. When revisited in 1907 the small trees shown in 
the middle foreground had grown to a forest obscuring the general view. 
This represents a section through a large theralite laccolith, showing the 


Virginia Peak. Target Peak. Mt. Elma. 


Fiaure 10.—Panorama of Target Peak 


Looking northwest, and showing Virginia Peak and Mt. Elma. Taken from the head of American 
Fork. Drawn by L. H. Dykes, from a photograph. 


irregular intrusion into the sandstones and shales. It has forced its way 
into the shales at the left side, and raised up and hinged a long sliver of 
the sediments, 40 feet thick. At the right end the shales are cut off by 
what looks like a fault, but is due to the irregular intrusion of the theralite 
along a vertical joint. The magma was evidently under great pressure to 
be able to disrupt the shales. This can perhaps be attributed to lateral 
squeezing connected with the crush zone and fault between this point and 
the west base of Virginia Peak to the east (see map, Pl. 18). The 
nepheline-syenite laccolith of the latter, with its enclosing sediments, dips 
steeply east. It is more than 2000 feet from its west base to the right 
edge of the panorama, which is 800 feet lower, with steep east-dipping 
shales visible at the right, but beyond here outcrops are covered until one 
reaches the amphitheatre which a small stream has formed, exposing the 
great laccolith, which, with the sediments, dips gently west (left). The 
great boulders in the foreground are angular blocks of theralite from 
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the laccolith, indicating a southward extension from the present edge 
in the cliffs. 

As seen from the next small canyon north, cliffs of the theralite are ex- 
posed in the fiat ridge, the beginning of which is shown at the top of the 
picture. However, the theralite is of diminished thickness and it evi- 
dently terminated there. The thickness exposed within the area of the 
panorama was estimated at 118 feet, with an unknown amount removed 
by erosion. A rough estimate of its shape and size would be that of a 
circular disk, 2000 feet in diameter, and more than 120 feet thick. The 
intrusion apparently originated in the crushed zone to the east and ex- 
tended laterally westward. 

A dozen or more, later, vertical dikes were noted, cutting the underlying 
shales and sediments, some of which are noticeable in the drawing, espe- 
cially the large double dike at the extreme left (west) end. Most of 
these are porphyritic theralite, but one, 20 feet wide, resembling a fine- 
grained yellowish quartzite has phenocrysts of andesine, hornblende, and 
augite and the groundmass consists largely of laths of oligoclase-albite 
with a little orthoclase and quartz. The rock seems allied to the bostonite 
type, but without anorthoclase. 

In the underlying shales are several intercalated bands, from 1 to 10 
feet wide, of an apparently older intrusion, a decomposed porphyry, with 
oligoclase, hornblende, augite, and biotite phenocrysts and decomposed 
feldspar laths in the groundmass. 

Also, two sheets of limited lateral dimensions are found. One, a bed 
10 to 15 feet thick, between the two parts of the theralite sheet, where 
they join, left (west) of the shale sliver, is a coarse nepheline-syenite 
which seems to be intrusive into the theralite, but merges into it at the 
top; it is probably a contemporaneous intrusion. 

The other limited sill is at the base of the theralite; it is of the akerite 
type, so that here four of the principal alkaline types are in close asso- 
ciation. 

VIRGINIA PEAK 


Immediately east of the Theralite Cliffs is Virginia Peak, a great bulg- 
ing sill of nepheline-syenite analogous to that of Target Peak. It is 
nearly 3 miles long, conformable to the enclosing sediments, dipping with 
them from 45° to 75° east, and striking a little west of north, parallel to 
the general axis of the range. Its maximum thickness is about 100 feet. 
In Plate 14, figure 2, taken some miles east of the peak, is shown the 
serrated crest, the numerous little gullies eroded on transverse joints of 
the steep dip face, and the great talus of loose slide rock from the white 
syenite. Such rivers of white slide rock, descending from steep slopes 
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where laminated rocks furnish slabs, are a feature of several of the 
canyons. In the old days they were criss-crossed by wide game trails, 
and horse-back riders profited by them; otherwise, they had to ride 
straight down the slope, with the sliding slabs. As already stated, this 


Ficure 11—Northern peak of Three Peaks 


From the west. A little of the middle peak shows to the right 
of the gap. Sketch by E. Raisz, from a photograph. 


great intrusion is evidently connected with the crush zone and fault at its 
west base, and is perhaps an argument for the intrusion of such long sills 
contemporaneously with the folding and squeezing of the sedimentary 
rocks in which they occur. Similarly, in the nose of the anticline north 
of the “Basin”, thin sills of theralite occur in intimate concordance with 
sharp minor crumplings of the sediments. 


THREE PEAKS (GOAT MOUNTAIN) 


The Three Peaks (called also “Crazy Butte”) which rise abruptly 1000 
feet above the west base of the mountains were a landmark for early 
travelers. They afford striking exposures of theralite and allied rocks. 
The peaks lie 5 miles west of Virginia Peak. The North Peak, which is 
the highest, is 7873 feet and the South Peak is 7762 feet above sea level. 
The general trend of the ridges is a little east of north, so that their 
crests lie en echelon, the southern one a quarter of a mile east of the 
projected extension of the northern one. As seen from the valley at the 
west foot they are impressive. Huge laccoliths of theralite form the north 
and south crests; a white porphyry (akerite) forms the middle crest. As 
these intrusions occur at different levels in the enclosing sediments, thin- 
ning out at their north and south ends, where they are succeeded by others 
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of higher levels, all dipping with the sediments 30° east, the echelon ar- 
rangement is easily understood (Figs. 11 and 12; Pl. 16). 

Plate 16, figure 1, shows the middle and northern peaks in perspective 
and the echelon arrangement, as well as the inward (eastward) dip of 


Ficure 12—Three Peaks 


From the east. The gently dipping east slopes are in contrast 
with cliffs on the western side (Pl. 16, fig. 2). Sketch by L. H. 
Dykes, from a photograph. 


both the sediments and the enclosed theralite sills in the cross-section 
of the southern peak, and the thinning of the capping laccolith toward 
the summit. The theralite laccolith of the north peak is 250 feet thick, 
has a flat crest a mile long, curves down to the northwest, thins out, and 
terminates. In addition to the great capping masses there are thinner 
sheets of theralite and porphyry in the underlying shales, and a long 
sill of theralite at the base. At the west base of the cliffs is a flat area, 
succeeded on the west by a parallel ridge of soelvsbergite, 30 feet thick. 
This lies 400 feet below the lowest theralite of the cliffs. 

It is difficult to estimate the total thickness of these intrusions. The 
middle porphyry sheet is at least 100 feet thick, as is also the southern 
theralite laccolith. The total theralite must be more than 350 feet thick. 

Figure 13 represents the geology of Three Peaks. This place ranks 
with Gordon Butte in the thickness of theralite displayed, but the latter 
has only theralite, whereas here other rocks are associated. 


LAURVIKITE STOCK AT THE HEAD OF COMB CREEK 


The center of an area of alkalic rocks, largely syenitic, at the head of 
Comb Creek, is dissected by some of the tributaries of that creek but 
slide rock conceals many of the outcrops and the specimens gathered 
were not in place. The stock itself is an exception standing above the 
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head of the amphitheater on both sides in high vertical exposures; in 
the amphitheater it is buried by loose rock, but is really a continuous 
mass. The exposures of this coarse, porphyritic laurvikite, with feldspar 
phenocrysts 8 to 4 inches long, suggest an elongated mass, three-quarters 
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Ficure 13—Diagrammatic representation of the geology 
of Three Peaks 


Upper diagram shows lateral distribution of the laccoliths from 
north to south, and their vertical distribution at different horizons 
in the sediments; the northern peak (left) lowest and western- 
most, the middle one intermediate, and the southern easternmost. 
Lower diagram is a representation of the laccoliths as viewed from 
the west. 


of a mile long north-south and an eighth of a mile wide, or about half 
a square mile in area. The rock has horizontal and vertical jointing, 
and the phenocrysts commonly display flow structure, some vertical, some 
irregular. This rock, and the associated specimens, are described in 
detail later. 
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From the central stock, dikes and sills extend northward to the Mussel- 
shell River, the ridges giving the name to Comb Creek. 


GORDON BUTTE 


Gordon Butte is shown at the northeastern edge of the map (PI. 18), 
just south of the Musselshell River. It is the largest out-lying theralite 


Ficure 14—Gordon Butte 


Looking northeast, from a point near the head of Comb Creek. 
Shows the saucer-like curve of the crest, the fringing cliffs en- 
circling the basin summit, and the inward dip of the sediments 
into the base of the butte, at the right (south) end of the profile. 
The distance from the observer is about 12 miles. Drawing by 
L. H. Dykes, from a photograph. 


butte, and contains the largest single body of this rock in the area. Its 
summit is 5800 feet above sea level; its base is 400 feet lower. It is 
separated from the mouth of Comb Creek by 8 miles of relatively flat 
country, underlain by Cretaceous sediments older than the Fort Union. 
It is roughly oval, 1144 miles north-south and 1 mile wide east-west, 
’ gaucer-shaped on the summit, fringed on all sides except the west by 
vertical cliffs of the theralite, and rests conformably on the sediments, 
which dip about 5 degrees inward on all sides. The summit bowl has 
been eroded in the center approximately 200 feet below the rim, and, due 
to the vertical columnar joining of the theralite, scattered pinnacles as 
much as 50 feet high are left standing. Many loose pieces of altered 
green shale aitest the original cover of the laccolith; some are so large 
that shale was evidently not far above the present exposed top. The 
total thickness of the theralite, from base to top, is 300 to 350 feet, with 
allowance for intercalated bands of shale. The rock near the bottom is 
richer in olivine and augite, and leaner in feldspar than that higher up. 
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There has evidently been some crystal settling. The contact shale has 
been changed to a dense green rock, impregnated by aegirite and other 
minerals of the theralite (Fig. 14; Pl. 11, fig. 1). Plate 11, figure 1, shows 
the inward synclinal dip of the sediments and theralite with erosion of 


Ficure 15.— Coffin Butte 


Theralite forms the capping of the butte; sediments form the 
benches below it. Looking east. Sketch by L. H. Dykes, from a 
photograph. 


the cover into the theralite. It also shows columns of theralite, left 
standing here and there as pinnacles, some of them 40 feet high. Plate 
15, figure 2, shows some details of the pinnacles. 


COFFIN BUTTE 


Coffin Butte is a small relic of a larger laccolith of theralite, 11 miles 
southeast of Gordon Butte (Fig. 15). It has 60 feet of theralite, dipping 
7° southeast, conformably with the underlying sediments. This is the 
most eastern or northeastern occurrence of theralite in the whole range. 
It is 32 miles from Coffin Butte, through Big Timber stock, to Theralite 
Butte, the most southwesterly exposure of theralite. There are no alkalic 
rocks exposed between the two. 


PETROGRAPHY OF THE ALKALIC ROCKS 
THERALITE 
Nomenclature—The original specimens of theralite were found by the 
writer in 1883, during a hasty trip through the mountains, and were 
described, under the direction of Rosenbusch in 1885, as “nepheline- 
tephrites”, composed essentially of augite, olivine, biotite, nepheline, 
sodalite, and feldspar. The feldspar gives micro-chemical tests for lime 
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as well as alkalies and has a higher gravity than normal orthoclase. 
Although no triclinic twinning was observed, it was called plagioclase. 
In 1887, in the second edition of his Mikroscopische Physiographie, 
Rosenbusch introduced the name “theralite” for these rocks, as deep 
seated intrusive rocks, characterized mineralogically by nepheline and 
plagioclase. In the third edition of 1896, although still retaining the 
name and type, he lays more stress on the basic character of the rock 
as a whole and includes it in the family “Shonkinite”; shonkinite is char- 
acterized by orthoclase among the light constituents and by the dom- 
inance of potash over soda, whereas theralite has chiefly lime-soda feld- 
spar. Weed and Pirsson (1895, p. 415-416) gave the name of shonkinite 
to a “granular plutonic rock consisting essentially of augite and ortho- 
clase, and thereby related to the syenite family” with or without olivine; 
accessory nepheline, sodalite, and others, may be present in small 
amounts. In the fourth edition of his “Physitographie” (1907) and the 
third edition of his “Gesteinslehre” (1907), Rosenbusch retains the same 
definitions but emphasizes the dominance of pyroxene among the femic 
minerals. In the fourth edition (1922) of “Gesteinslehre” the name 
shonkinite was adopted by Osann for the potash feldspar varieties and 
theralite for the soda-lime feldspar varieties. From this qualitative sys- 
tem of classification the Crazy Mountains theralite, having orthoclase, 
would be called shonkinite, but the chemical composition of the rocks, 
and the corresponding modes, show a marked difference. This can be 
illustrated by the two analyses quoted from Rosenbusch in Table 4. 
“C” is the mean of 12 typical shonkinites, in which soda is 2.68 per cent, 
potash 5.27 per cent; “D” is the mean of four theralite analyses, with 
soda 5.29 per cent, potash 2.50 per cent. Comparing the analyses of 
Crazy Mountains theralites (and in fact of nearly all the associated 
alkalic rocks of the northern area) with these analyses, one finds that 
soda markedly predominates over potash, and, in the theralite modes, 
this results in the great abundance of nepheline and the sodalite group 
over feldspar, and the absence of leucite. In the average shonkinites 


ae is 2/1; in the average theralites it is 1/2; in the theralites of the 
2 


Crazy Mountains it is 8/11. Hence, the writer retains the original name 
of theralite for these rocks, disregarding the changes in naming due to 
“one mineral” classification. 

For comparison with analyses “C” and “D”, analysis “E” is added 
as the mean of the four analyses of the Crazy Mountains theralites, 
omitting minor constituents and reducing to 100 per cent; and, as 
perhaps of some interest, analysis “F”, which represents a similar mean 
of the three analyses deduced from the modes measured by the inte- 
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grator. In one way, this more accurately represents the fresh rock, 
as the water of zeolitization is omitted from the nepheline and soda- 
lite, making a difference in H,O-+ of nearly 1 per cent, but the P.O; 
is too low, owing to the difficulty of counting the smaller apatites in the 
integrator work. 


Taste 4.—Comparison of the chemical composition of shonkinite, theralite, and the 

parent magma of the alkalic rocks 
Cc D E F G 

49.29 45.06 46.72 45.70 53.71 

1.01 1.72 0.97 1.60 0.75 

13.13 16.56 13.78 14.00 16.58 

Ie 3.11 4.79 4.76 4.82 2.90 

5.52 7.04 4.13 4.86 3.26 

7.46 5.11 7.21 7.85 4.81 

10.04 9.27 9.66 10.10 6.62 

2.68 5.29 5.33 5.35 5.49 

5.27 2.50 3.98 3.78 4.24 

1.23 1.93 1.52 0.67 0.90 

0.48 BaO 0.43BaO 0.52 

G.2.88 G.2.98 100.00 99.91 100.69 


(C) Mean of 12 analyses of “‘shonkinites” (Rosenbusch and Osann, 1922, p. 227). 

(D) Mean of four analyses of theralites (Rosenbusch and Osann, 1922, p. 230). 

(E) Mean of four analyses of theralites from the Crazy Mountains. 

(F) Mean composition of three theralites from the Crazy Mountains, computed from the modes. 

(G) Mean of analyses (E) and (9707) as suggesting a parent magma for the alkalic rocks of 
the northern area. 


In “E” and “F”, the close agreement of the alkalies by the two meth- 
ods is noteworthy; also, Na,O is much greater than K.O, corresponding 
to the relation seen in “D”, the average of “Theralite” proper, according 
to Rosenbusch. 


General Occurrence.—Except for the rock of the Pine Creek laccolith, 
theralite is found only in the northern area, from Shield’s River Basin 
to the Musselshell River, but in this area it is abundant. The coarse 
granular type is found in at least half a dozen great laccoliths or sills, 
as follows: Gordon Butte and Coffin Butte in the northeast as outliers; 
the Three Peaks on the west; the Great Cliffs, lying between the former 
and Forest Lake; the series of laccoliths, sills, and dikes, in the great 
anticline north of Shield’s River Basin; and in Pine Creek. 

Figure 16 shows the cliffs of the highest laccolith of theralite on the 
west flank of the great anticline. It caps the whole series, curves down 
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the west slope of the mountains, and thins out. It consists of the rock 
rich in olivine and hastingsite (183’07). Only one small dike of an 
alkalic rock allied to theralite has been found in the contact zone of 
the diorite on Sweet Grass Creek (170’07), indicating a younger age for 


Ficure 16.—Highest theralite laccolith 


Looking southwest from the axis of the great anticline north of, 
and above, Shield’s River Basin. Sketch by E. Raisz, from a 
photograph. 


the alkalic series, but no such relation has been observed near the Big 
Elk diorite stock. 

Granular Theralite—The mineral composition varies, in different oc- 
currences, in the relative abundance of felsic and mafic minerals, and 
in the proportion of the minerals within these groups. For instance, in 
one of the laccoliths of the Three Peaks, feldspar increases, and the rock 
is lighter colored than the normal; whereas, elsewhere, nepheline and 
sodalite dominate over the feldspar, which in places diminishes to small 
interstitial masses. The pyroxene, however, invariably dominates. In 
the coarsest type (Gordon Butte) the predominating augite prisms are 
as much as 7 mm. long, poikilitically enclosing augite, biotite, and other 
minerals. Biotite is abundant in some of the rocks, so that the rock 
glitters with large bronze-colored plates. The rock is dark and heavy, 
much like typical essexite. 

The following minerals compose the rock: augite, aegirite, biotite, 
olivine, nepheline, feldspar, sodalite; the accessories are sphene, magne- 
tite, apatite, and analcime and secondary zeolites (natrolite and anal- 
cime) and cancrinite. One occurrence of primary amphibole is described 
in the section on mineralogy. The augite prisms with both pinacoids, 
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prisms, and pyramid are a dominant feature in both hand specimen and 
section. They are usually bordered externally by aegirite and become 
increasingly green from the center outward (aegirine-augite), but in some 
specimens a nearly colorless core of diopsidic augite represents the earli- 
est stage of the growing crystals. Inclusions of glass, apatite, biotite, 
and magnetite are common in the large crystals. Biotite occurs in hex- 
agonal plates and in some specimens is lighter colored in the center. 
It is closely associated with the olivine, which in some rocks has pina- 
coids but is usually in rounded grains. 

In many specimens it has a deep-red reaction rim if surrounded by 
biotite (iddingsite?). The barium orthoclase is usually anhedral and 
commonly in Carlsbad twins. It is crowded between the nepheline 
prisms, but at Gordon Butte it encloses nepheline, sodalite, and other 
earlier minerals. The nepheline is in crystals with base and prism, or 
in crystal aggregates rarely enclosed in the feldspar. It is fresh in some 
places but decomposed to zeolites in others. It gives a test for barium 
with the spectroscope. The sodalite mineral is usually in dodecahedrons, 
poikilitic in the feldspar, but rarely in the nepheline. The accessories 
require no special mention. The order of crystallization is: the accesso- 
ries, augite, olivine, biotite, nepheline, sodalite, and, finally, feldspar. 


Porphyritic Theralite—Porphyritic theralite occurs in sills and dikes 
and differs from the coarse variety mainly in its finer grain and texture. 
Large phenocrysts of augite, biotite, olivine, locally sodalite and feldspar, 
and, rarely, nepheline are contained in a groundmass with slender Carls- 
bad-twinned orthoclase, augite and aegirite, biotite, nepheline, and anal- 
cime. The nepheline is rarely in crystals; the analcime contains needles 
of aegirite, sodalite, and magnetite. Apatite crystals are so large as to 
rank as phenocrysts. The large sodalite crystals have the characteristic 
grating texture. Glass inclusions in the augites are abundant, and, as in 
the granular rocks, the augites have a flow structure, parallel to the con- 
tact. 


Contact Change.—Especially around the thicker masses the igneous 
rock has altered the bounding shales and impregnated them with igneous 
material. The result is a dense green banded rock, in which are scat- 
tered phenocrysts of the igneous rock, in a groundmass rich in aegirite 
needles which obscure other elements. 


LAURVIKITE OF COMB CREEK 

This is a coarse fresh rock with scattered large phenocrysts of white 

feldspar (up to 10 cm. long) in a groundmass of smaller feldspars, augite, 
biotite, and sphene. 
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The feldspar in Carlsbad twins is the orthoclase-microperthite, to be 
described later, which predominates. The pyroxene, in prisms, is faint 
yellow green in the center, with blotches and a border of deep-green 
aegirite-augite. Rarely, the prisms have a border of aegirite which is 
associated with an alkalic amphibole. The augite is free from the glass 
inclusions which are common in the theralites, suggesting a greater depth 
of consolidation, but it contains small biotite plates. The other femic 
minerals cluster around the augite; they are biotite, magnetite, sphene, 
and apatite. There are a few large crystals of a mineral of the sodalite 
group, replaced by natrolite, but no nepheline. 

This stock is the center of a group of satellitic alkalic rocks, found 
either in place as sills and dikes or in the slide rock below the stock. 
Five of these sill and dike rocks will be described. 

A syenite porphyry (124’07), collected from loose blocks a mile west 
of the stock, is fine grained, porphyritic, and darker than the laurvikite. 
The phenocrysts are zoned anorthoclase (2V (—) = 66°). The ground- 
mass is made up of Ba-orthoclase (2V (—) = 55°) in Carlsbad twins, 
abundant crystals of aegirite-augite, biotite, clear glassy nepheline, mag- 
netite, sphene, apatite, and sodalite. The sodalite is commonly enclosed 
in the feldspar phenocrysts. 

A sill, 10 feet thick, a mile northeast of the stock, is represented by 
specimen 122’07. It is similar to specimen 124’07, but the phenocrysts 
of anorthoclase show, in different individuals or in the twins of one crys- 
tal, great variation in 2V (—) from 65° to 79°. The extinction angles 
on sections perpendicular to alpha to the trace of 010 vary from 4° to 7°. 
The groundmass feldspars are monoclinic (barium orthoclase). Biotite 
is wanting. 

Specimen 102’07 is an alkalic syenite from the slide rock below the 
stock. The feldspar phenocrysts are variable mixtures; some are anortho- 
clase (2V (—) = 65°; others, microline (2V (—) = 82°); others, albite- 
oligoclase (2V (+-) = 85°) with microperthitic borders. The ground- 
mass is subordinate and is made up of feldspars, a little augite, alkalic 
hornblende, magnetite, and a little interstitial quartz, but not nepheline, 
sodalite, or aegirite. It perhaps belongs with the bostonite, described 
separately. 

Specimen 125’07 is a fine-grained, white, syenite-aplite and forms 
dikes that are common in the main laurvikite stock. The feldspars are 
the usual micro-perthitic barium orthoclase (2V (—) = 82°, extinction 
on 010=15°). The groundmass has very little pyroxene and other 
femic minerals, but considerable quartz. 

Specimen 101’07, collected from the slide rock below the stock, repre- 
sents a typical intermediate type between the mafic theralites and the 
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nepheline syenites. Its analysis and mode are given in Table 5. It is 
lighter in color than the theralites, non-porphyritic, and has about the 
same minerals, but lacks olivine, sphene, and analcime. Nepheline is 
abundant in large subhedral grains enclosing orthoclase, augite, and 
sodalite. Sodalite is also abundant in large crystals; apatite and mag- 
netite are abundant; biotite is subordinate. This is “Lardalose”, a mafic 
variety of the nepheline syenites. 


NEPHELINE SYENITE AND SOELVSBERGITE 


These rocks occur entirely in the area extending north from Shield’s 
River Basin to the Musselshell River, limited on the east by the Loco 
Mountain diorite stock but found westward as far as the fringing hills 
of the range at the headwaters of Sixteen Mile Creek. They are thus 
scattered through an area 16 miles long by 10 miles wide, or 160 square 
miles. They are closely associated in the field with the other alkalic 
rocks but are separate intrusions, locally cutting theralite, and evidently 
complementary. They occur either in thick bulging laccoliths (nepheline 
syenite) or in thinner sills or dikes (soelvsbergite); the difference in 
nomenclature is mainly one of texture. 

There are three notable bodies of the syenitic facies. The southern- 
most makes Target Peak a scenic feature among the peaks enclosing 
Shield’s River Basin on the north. It is a dazzling white mass of rock, 
with a perpendicular cliff facing southwest (Fig. 9; Pl. 14, fig. 1) and 
a gentle dip slope to the northwest; it has a thickness of about 110 feet, 
tapers to the edges, and is about a mile long. The lower contact (shown 
in Pl. 14, fig. 1) dips 50° east, conforming to the underlying shales. 
The upper contact is concealed. This laccolith lies on the east side of 
the anticlinal complex north of the basin and is thus associated with 
numerous sills of theralite, soelvsbergite, and alkalic-porphyries and 
laccoliths of theralite. 

The second body begins 2 miles west of the first and extends north 
as a high ridge of white rock (Virginia Peak), curving slightly toward 
the west in its northern half (Pl. 14, fig. 2). It is 4 miles long, with a 
sharp serrated crest, a short steep east slope, with a long talus slope 
below, and a less marked west side. It dips in conformity with the en- 
closing shales, 75° east at the north end and only 40° at the south end. 
It tapers and disappears at either end and bulges in the middle. Its 
maximum thickness is probably 60 feet. 

Syenite Butte is on the left bank of Comb Creek, 4 miles south of its 
junction with the south fork of Musselshell River. It forms a crested 
butte in profile but has a crescentic outline face-on. It is visible from the 
railroad along the Musselshell River. It is a bulging sheet, about an 
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eighth of a mile long, 75 feet thick in the middle, and tapering at the 
ends. It dips 55° east, with the enclosing shales, which it interleaves 
or cross-cuts in places. Long apophyses cut the shales and an earlier 
sill of theralite (Fig. 17). 


Ficure 17—Syenite Butte 


Crested butte of nepheline-syenite, forming an outlier in the 
lower valley of Comb Creek. The apparent sharp peak is the 
end of a short, narrow crest, receding from the observer, and due 
to the steep tilting of the little laccolith toward the valley (left). 
Sketch by L. H. Dykes, from a photograph. 


About 25 thinner sills and dikes, generally of limited length, were 
found in the area; others are no doubt present. 

In thin sections the feldspar phenocrysts of the nepheline syenites are 
typical anorthoclase (see analysis and optical description under “min- 
erals”) and contain barium and strontium. The pyroxene phenocrysts 
are a pale green aegirite-augite in the center, merging outward into a 
darker green aegirite. In one crystal a core of bronzite was noticed. 
In the groundmass the acicular crystals are pure aegirite. Biotite, 
sphene, and apatite are present in some of the rocks as small pheno- 
crysts, and in one section a brown hornblende is present. In some of the 
sills, large crystals of sodalite (noselite) occur, with smaller ones enclosed 
in the feldspar crystals. The groundmass consists mainly of tabular 
anorthoclase and aegirite needles, with interstitial texture. Nepheline 
is in varying amounts, as is primary analcime. Secondary analcime and 
natrolite are common replacements of nepheline, sodalite, and other 
minerals. In the soelvsbergite type, the groundmass is very fine grained, 
with flow arrangement of the feldspar and aegirite. This masks the 
interstitial minerals, making determination difficult. In one of the 
dense sills there is considerable primary quartz. 
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Of the four analyses given, 145’89 is the nepheline syenite from the 
crested butte on lower Comb Creek. It has 8.8 per cent nepheline in 
the norm and is umptekose in the C. I. P. W. system. Specimen 65’89, 
a nepheline syenite from the ridge near Virginia Peak, has 12.9 per cent 
nepheline, is miaskose, and represents one type in the sills. Another 
variety (297’89) comes from a dike associated with theralite dikes at 
the head of Sixteen Mile Creek. It has 3.7 per cent quartz in the norm, 
is without nepheline or sodalite in the mode, and is nordmarkose. 

The rock from a dike on Comb Creek (131’89) has neither nepheline 
nor quartz in the norm and is also nordmarkose. In these four analyses, 
Cl, 8, or SO; were, unfortunately, not determined and, therefore, except 
for 297’89, sodalite might be in the norm with nepheline. 

From the intimate association in the field it is evident that the nephe- 
line syenites and the theralite are complementary intrusions. 


AKERITE 


Intimately associated with the theralite and the alkalic syenites are 
scattered dikes or sills of alkalic porphyries, in which a lustrous black 
hornblende stands out among the phenocrysts. Five analyses are made 
of these rocks, which approach “akerite”. Three of these are “akerose” 
in the C. I. P. W. classification (282’89 = 129’07, 45’89, and 59’89). 
The first two under akerose contain in the norm, respectively, 10 and 6 
per cent of quartz; whereas, specimen 59.89 has 4 per cent of nepheline. 
Specimen 182’07 is Nordmarkose and has 6 per cent of nepheline; speci- 
men 35’07 is ilmenose and has 2 per cent of quartz. 

The akerite 282’89 (= 129'07) forms the largest mass observed. It 
occurs near the summit of the middle peak of Three Peaks, as a thick 
white sill or laccolith at least 80 feet thick and of considerable length 
from north to south. As seen from the west base of the Peaks it stands 
out prominently from the dark laccoliths of theralite and the shales. 
Thinner white sills are seen above and below it. It is a medium-grained 
white rock, speckled with phenocrysts of hornblende, augite, biotite, and 
glassy feldspar in a white groundmass. The hornblende is similar to 
that described and analyzed under specimen 35707, but is a clearer green 
and has a smaller 2V (71-73° (—)). The light emerald-green augite is 
a diopsidic augite (y , ¢ = 48°). The biotite is normal. The larger feld- 
spar phenocrysts are partly andesine (Abgs). The microgranitic ground- 
mass is largely feldspar, with smaller amounts of biotite, augite, apatite, 
magnetite, sphene, and considerable interstitial quartz. The ground- 
mass feldspars are mixed, mostly sodic oligoclase, but with some ortho- 
clase, enclosing smaller oligoclases, and orthoclase-microperthite. In 
the norm, feldspar is 75 per cent; in the mode, it is 71 per cent. The 
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computed mixture would be Ors;, Abss, Anis, whereas the analysis given 
on a later page shows Or.;, Abgs, Ang.s, Cels.;. Specimens 45’89 and 35’07 
are similar. The latter, which forms a sill at the north end of Virginia 
Peak, has 18 per cent of hornblende in the mode, compared with 8 per 
cent in Specimen 129’07. It also has less feldspar than 129707. 

The akerose (59’89) has 4 per cent nepheline in the norm, and speci- 
men 18207 has 6 per cent. The latter, especially, shows how an increase 
in the ratio of Na.O to K,O (7 to 1) affects the constituent minerals. In 
these rocks the pyroxene crystals pass from a diopsidic core (in one case, 
hypersthene) through aegirine-augite to an aegirite periphery. The 
feldspars, although in part andesine, are also microperthite and anortho- 
clase; analcime and natrolite areas may represent original nepheline. 

The sill above Forest Lake is represented by specimen 70’89, analyzed, 
a monzonose. It has a little nepheline in the norm and the same minerals 
in the mode as the rock just described, but the feldspar phenocrysts are 
albite-oligoclase and the groundmass nearly pure albite, with areas of 
decomposed nepheline (?). 

Sills and dikes of white porphyries, inciuding the akerites and granite 
or quartz latite porphyries to be described, are common in a large area 
extending from the head of American Fork, at the south, to the extreme 
north end of the range, and from the foot of the range, around Big Elk 
Creek and the tributaries of the Musselshell River, westward to the 
north-sloping flat summit. 


GRANITE OR QUARTZ LATITE PORPHYRY 


These rocks, including one sill (173’89) on Sweet Grass Creek in the 
southern area, are, with the exception of the aplites of the Big Timber 
stock, the highest in silica of the rocks analyzed. The three principal 
occurrences are described below. The rock from loose blocks on the 
northern flat summit, weathered from outcrops mainly concealed, is 
represented by specimen 149’89. It is a pinkish-gray rock with black 
crystals of hornblende and biotite, sphene, white feldspar, and pinkish 
feldspar. The thin section has phenocrysts of large crystals of orthoclase, 
enclosing small oligoclase crystals and bordered by oligoclase (Ab;s) in 
parallel growth. The hornblende is light greenish to yellow (y , ¢c = 
19°); the augite is pale green. The quartz is in rounded grains. The 
groundmass is a micro-granitic mixture of quartz, orthoclase, and oligo- 
clase (about one-third quartz and two-thirds feldspar) with a little bio- 
tite, apatite, magnetite, hornblende, and sphene. The norm is lassenose, 
with quartz 21 per cent, and feldspar 73 per cent. 

The enormous loose blocks forming the ridge, an eighth of a mile 
long, striking north-south, about one mile northeast of the syenite of 
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Target Peak and on the same level, are represented by specimen 45’07 
(Pl. 12, fig. 2). It may be a dike, 300 feet wide, or a sill. It is a 
medium-grained white rock, with small plates of biotite and feldspar and 
rounded grains of quartz. The thin section shows that phenocrysts, in 
order of abundance, are biotite, zoned oligoclase (average Abg;), ortho- 
clase, and quartz. The groundmass is micro-granitic, with some small 
oligoclase crystals, but mainly with interlocking quartz and orthoclase 
and small amounts of magnetite, apatite, sphene, and zircon. The norm 
is lassenose with 19 per cent quartz and 75 per cent feldspar; the mode 
has 24 per cent quartz, and 66 per cent feldspar (Table 5). As usual 
in the whole series, soda is much greater than potash, and, therefore, 
oligoclase dominates over orthoclase. 

Mt. Elma (8000 feet above sea level), 2 miles north of Forest Lake, is 
a flat dome of the slates, on the slopes of which numerous lines of quartz 
porphyry boulders represent either dikes or sills, although the outcrops 
are covered. The boulders contain fragments of an older syenite, made 
up chiefly of pyroxene, a little hornblende, andesine, orthoclase, and 
biotite, and accessory apatite, zircon, sphene, and magnetite. The slates 
topping the dome are metamorphosed and contain andalusite; there is 
evidently a buried mass of granitic rock beneath. 

It would be tedious to describe in detail many other occurrences of 
these “akerites” and quartz latite porphyries which grade into each other 
and represent the siliceous end of the alkalic magma, but one common 
peculiarity may be mentioned—that is the large size of the black horn- 
blende phenocrysts of the white rock and the large black angular patches 
of the mafic minerals, hornblende, augite, biotite, apatite, and magnetite. 


BOSTONITE 


The bostonites are highly feldspathic white porphyries, poor in mafic 
minerals and characterized by large phenocrysts of anorthoclase, and 
a few of orthoclase and augite, in a groundmass made up dominantly of 
albite-oligoclase with scattered biotite, hornblende, magnetite, quartz, 
and secondary calcite. Specimen 105’07 represents one of these for which 
an analysis and mode are given in Table 5. If the CO, (2.29 per cent 
of the analysis) is omitted, and the rest recalculated to 100 per cent, the 
rock is “Nordmarkose”. The mode has 92 per cent anorthoclase. 


DIKES OF CAMPTONITIC HABIT 


Many dark mafic dikes occur in the northern area. Many of them are 
propylitic in appearance, from decomposition, and a chemical analysis 
would have little value. They are not invariably in close association 
with the alkalic rocks but occur in groups of parallel vertical dikes, as 
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Ficure 1. VIEWED FROM THE SOUTHWEST OF THE SOUTH PEAK 


Ficure 2. SourH PEAK AND PART OF NorTH PEAK 


THREE PEAKS 
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Ficure 1. THE TWO NECKS 


Figure 2. THE LOWER NECK 


BRECCIA NECKS ON SOUTH SIDE OF COTTONWOOD CREEK 
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at the head of Shield’s River, where they have a north-south trend, and 
in the canyon of American Fork. 

At the entrance to Shield’s River Basin, and closely associated with 
the theralites there, stands a whitish-green vertical dike, 100 feet high 
and 20 feet wide (153’07 and 5’89). Large crystals of anorthoclase 
dominate, enclosing augite, biotite, and magnetite. There are small 
crystals of diopsidic augite (not aegirite-augite) and areas of natrolite 
enclosing augite, and of analcime, which may be primary, enclosing 
sphene; there is no nepheline or sodalite. It is an alkalic syenite, with 
predominating anorthoclase and augite. 

Not directly associated with the alkalic rocks are three specimens 
from the head of Shield’s River. 

A vertical north-south dike, 30 feet wide, is represented by Specimen 
176’07; it is a medium-grained rock of propylitic habit. Phenocrysts 
of bytownite, diopsidic augite, brown hornblende, and one rounded quartz 
grain are imbedded in a groundmass composed mainly of oligoclase, with 
a very little quartz, augite, and biotite. One (14’89), a dike from the same 
locality as that just described, is a fine-grained, granular black rock. 
It has large phenocrysts of pale-green augite, biotite, and brown horn- 
blende, and smaller grains of magnetite and primary quartz. The feld- 
spar, a calcic labradorite, poikilitically encloses the other minerals and, 
with anhedral quartz, forms the groundmass. 

A specimen (48'07), analyzed by the writer, was found to contain 
much calcite. Omitting this and calculating to 100 per cent, an approxi- 
mate norm would indicate “Shoshonose.” The analysis corresponds 
fairly well in silica, alkali earths, and alkalies with analyses of the Rosen- 
busch camptonites and also agrees in mineral composition, as far as that 
can be determined in such a decomposed rock. 

Other camptonitic dikes are found at the extreme south tip of the range, 
on Gage Creek, forming long walls in the axis of the range. They also are 
decomposed. Their chief minerals are oligoclase, orthoclase, hornblende, 
augite, and biotite. The presence of many zeolites suggests an affinity 
with the alkalic rocks. 

THREE BRECCIA NECKS 

Two volcanic necks, close together on the east side of Cottonwood 
Canyon, 3 miles north of, and down-stream from, Forest Lake (PI. 17), 
are visible from the canyon floor as small knobs rising from the slope of 
the canyon wall. The western one, lower on the slope, rises vertically 
through the nearly horizontal shales to a height of about 40 feet above the 
base, with a vertical contact with the shales and vertical and horizontal 
(cubic) jointing, which cuts through both the matrix and the fragments. 
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In ground plan it is an oval, 200 by 40 feet, elongated N. 65° E. The 
rock of the neck is made up of abundant angular fragments imbedded in 
an igneous matrix. The angular fragments are granite, feldspathic and 
micaceous quartzite, gneissic rocks, and black slate. These rock frag- 
ments have evidently come up from rocks older than the present surface 
sediments, and deep down. The igneous matrix (54a’07) is a medium- 
grained gray rock with phenocrysts of brown hornblende, sodic oligoclase, 
diopsidie augite, and biotite (with 4° oblique extinction), in a ground- 
mass made up mainly of sodic oligoclase laths, with considerable quartz, 
and accessory biotite, augite, and magnetite. It belongs to the akerite 
group. 

The upper neck lies 250 yards northeast from the lower, and a little 
higher on the slopes. It is an oval mass, 300 by 200 feet. Its vertical 
line of contact with the shales, and the longest diameter, run N. 80° W., 
at a considerable angle to that of the lower neck. The matrix of the body 
is similar to that of the lower one, with some additional orthoclase. The 
neck is cut by two vertical dikes. One (89’07) has phenocrysts of brown 
hornblende and biotite (but no feldspar or augite) in a groundmass made 
up of sodic oligoclase, acicular hornblende and magnetite—the rock prob- 
ably belongs with the akerites. 

The other dike, a fine-grained reddish rock (87’07), is mainly feldspar 
with a little biotite and augite. It has phenocrysts of anorthoclase in a 
groundmass composed of laths of sodic oligoclase with a little biotite, 
magnetite, and quartz. It is a bostonite. 

The matrix of both necks and of their dikes shows relationship to the 
alkalic series already described. The fact that no fragments of alkalic 
rocks were found in the necks is puzzling, for theralite and similar rocks 
outcrop all about them. It is possible such fragments were pushed up 
first, as the necks developed, and existed in their higher levels, but have 
been eroded with the enclosing shales, or else the necks were formed 
prior to the intrusion of the alkalic rocks and hence do not contain their 
fragments. 

The third neck shows a difference in these relations. It is found on the 
west slope of the middle peak of the Three Peaks, about 125 feet below 
the summit, and toward the gap separating this peak from the northern 
one. This is a small outcrop of theralite, rising 30 feet vertically above 
the ground and extending laterally more than 200 feet. The theralite 
matrix contains many large and small angular fragments of granitic and 
alkalic syenitic rocks, unlike any now found nearer than the laurvikite 
stock and associated rocks of Comb Creek, 714 miles east of north. The 
matrix has a vertical shelly structure, corresponding to the shape of the 
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neck. Among the fragments of the breccia the following rocks were 
studied: 

Specimen 96'07 is a biotite, hornblende, aegirine-augite, alkalic granite. The 
has aegirite tips. 

pecimen 113a’07 is an alkalic syenite with green augite, microperthite, and 
oligoclase, sphene, and a little quartz. 

Specimen 113b’07 is a similar syenite, with more quartz and some analcime. 

Specimen 113c’07 is a syenite without quartz, with microperthite, augite, and a 
little hornblende and biotite. 

Specimen 113d’07 is a porphyritic syenite with large phenocrysts of anorthoclase, 
aegirine-augite, sphene, apatite, and other constituents. 


These rocks, brought from below by the theralite, resemble the laurvi- 
kite and other rocks of the Comb Creek area and indicate a large under- 
ground mass of syenite, perhaps the average parent magma of all the 
alkalic rocks of the area. 


MINERALS OF THE ALKALIC ROCKS 


Feldspars.—In the granular theralite the feldspar has the approximate 
composition: Org; Anjo Cels. Analyses (“A”) and (“B”) were 
made by the writer on two different separations from rock specimens 
1’07 and 115’89, both from Gordon’s Butte, but from different parts of 
the laccolith: 


“oA” “BR” “~—D” 
1.08 0.42 0.82 1.27 (+Sr0) 


99.78 99.76 100.70 100.01 
G. 2.59 to 2.61 
Analysis “‘C”’ is the mean of ‘“‘A’”’ and “B”, and “D” is “‘C” omitting Fe2Os and H20, recalculated 


to 100 per cent as representing the pure orthoclase; from this the approximate formula given is 
derived. 


The anhedral grains of this orthoclase occur commonly in Carlsbad 
twins; they show, rarely, a faint zoning, but are strictly monoclinic— 
the plane of the optic axes is normal to 010, and the extinction on that 
plane to the trace of the basal cleavage is 5° to 6°. Many of the ortho- 
clase crystals enclose small crystals of the noselite, evidently of earlier 
formation; very rarely they enclose nepheline; and in the more felds- 
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pathic varieties of theralite (Three Peaks and elsewhere), large crystals 
of the feldspar enclose augite, biotite, and magnetite. 
The optical properties are: 


a = 1.522 
B=1527 y—a= .007 
y = 1.529 


2V (—) = 54° as determined by universal stage, conoscope, and calcu- 
lation from the indices. This axial angle was sometimes useful in the 
diagnosis of the anorthoclase, 2V (—) = 64° to 69° and therefore much 
larger than in orthoclase. 

Anorthoclase is commonly the dominant feldspar in the nepheline 
syenites, soelvsbergites, and some of the alkalic syenites and bostonites. 
The following analysis (by W. F. Hillebrand, United States Geological 
Survey) was made on a large phenocryst from one of the nepheline 
syenites; it, like the feldspars from the theralite, has barium and stron- 
tium in notable amount. The formula from the analysis is Abss Aney 
Or.; Cel 1.5. 


22.63 (with a very little iron) 
0.63 
0.72 
0.16 
0.57 
0.77 
100.26 
G. 2.61 


The anorthoclase occurs in large or small phenocrysts; much of it is 
zoned, or mottled by albite patches, and commonly has a periphery of 
albite. In the syenites and soelvsbergites, laths of anorthoclase inter- 
grown with albite form much of the groundmass. 

The indices, as measured on the total reflectometer by Merwin, are: 


Na 
y = 1.536 
B=1534 y—a= .007 
a = 1.529 


2V (—) (axial angle apparatus) = 6814°. 2V (—) by Universal Stage 
on different crystals = 64° to 69°, average 66°. 
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In the plane perpendicular to a (the acute bisectrix) the optic axial 
plane lies 11° from the trace of the 001 cleavage, and 10° from the plane 
itself. In the plane (near 010) perpendicular to a (the acute bisectrix) 
the optic axial plane is 11° from the trace of the 001 cleavage, and 10° 
from the plane itself; in the zone perpendicular to 010 the axial plane is 
314° from the trace of 010. 

In the laurvikite, syenite-aplite, and syenites of the Comb Creek com- 
plex, micro-perthite is common, fine in the laurvikite and coarser in the 
others. In the laurvikite it is an orthoclase micro-perthite: the albite 
spindles are Ab,,; the aggregate crystals give y = 1.534, B = 1.532, a= 
1.527, 2V (—) = 80° to 81°, extinction 15° on 010. In the associated 
syenites the micro-perthite is coarser. In the syenite-aplite dikes cutting 
the laurvikite it makes up 97 per cent of the rock. In other syenites, of 
coarser grain, some microcline is associated with the orthoclase, or 
anorthoclase, as phenocrysts, and albite-oligoclase occurs in the ground- 
mass. 

In the bostonite, anorthoclase makes up the phenocrysts and albite- 
oligoclase the groundmass. In short, in this series the feldspars are 
chemically alike, but differ in the kind of mixtures. 


Pyroxenes.—Large augite phenocrysts, so prominent in the theralites, 
are usually so zoned with cores of augite and successive outer zones of 
aegirine-augite and aegirite that pure material of the core cannot be 
isolated; but in No. 101’07 from Comb Creek (see rock analysis and 
mode in Table 5) the augite core makes practically the whole crystal. 
An analysis made by the writer is as follows: 


50.75 Indices (Immersion) a=1.687 
6.32 7=1.713 
2.25 y—a=0.026 
ee 4.62 2V from indices (+) 62.2°. 
1 eee tr Universal stage 63.4°, conoscope 63.0°. 
rere 21.86 Universal stage and comparator: 
12.21 y—a=0.0254 
0.18 vy—8=0.019 
1.48 B—a=0.008 

100.41 


The angle y , ¢ differs for different crystals in the section from 50° to 
34°, probably because zones in the crystal range from diopside to augite 
and aegirite-augite; 41° would, perhaps, be an average. 

From a large number of determinations with the universal stage on 
the augites from theralites, syenites, and other rocks, the varieties may 
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be summarized as follows: in some syenites, aegirine-augite occurs with 
2V (—) = 74-75°; y , ¢ = 76°; pleochroism, y light yellow, 6 light 
emerald-green, a deeper green; y—a=.032. In the intermediate augites, 
2V (+) = 61° to 65°, y , ¢ from 39° to 54°, ranging, therefore, from 
diopside to aluminous augites. In one specimen they have a core of 
hypersthene. 


Amphiboles—From a great number of optical determinations on 
amphiboles from different specimens, the results are generalized for 
brevity. In the aplite dikes in laurvikite, the amphibole has y , ¢c = 24°, 
2V (—) =70°, y—a=0.015, y — 6=—0.005, 6 — a=—0.010, y emerald- 
green, 6 greenish brown, a faint yellow. In the other felsic rocks, sye- 
nites and granite porphyries, the amphiboles have the same general 
pleochroism, with some variety in 2V and y — a, generally less than that 
just given. 

Two amphiboles, however, deserve more attention. 

(A) In the great laccolith of theralite topping the anticline north of 
Shield’s River Basin, an alkalic amphibole forms 6 per cent of the rock 
(183’07) whose chemical and modal analyses are given in Table 5. This 
is the only facies of theralite in which amphibole has been found. The 
high content of MgO in the rock, which has olivine in both the norm and 
the mode, probably explains the presence of this amphibole. It formed 
as the last of the mafic minerals and is intimately associated with 
aegirite, at the outer border of the augite crystals, or filling interspaces. 
The prism zone is common with aegirite and (100) is the junction. A 
few larger crystals have planes in the prism zone and in pyramid ter- 
minations. The optical properties, determined in powder by immersion, 
and in sections by the universal stage, conoscope, and eye-piece dichro- 
scope are as follows: 


nay = 1.639 (where in parallel growth to augite and 

Bcway=1.658 _—aegirine-augite, y , ¢ for amphibole = 38°, 

Y = 1.660 for augite = 39°, for aegirine-augite = 68°) 

y—a= .021 

Y c= 88° 

2V (—) = 38° +2; with white arc 2V = 40°, r < v strong. 

Axial plane (010). Pleochroism: a dull yellow, B deep liver-brown, 
y greenish brown. 

For the separation of the pure mineral for analysis, difficult because 
of the presence of aegirite, the writer is indebted to E. 8. Larsen, who 
obtained it 99 per cent pure. The analysis was made by F. A. Gonyer, 
in the Harvard laboratory. 
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Taste 5.—Analyses, norms, and ma 


145'89 45'07 297°89 :131'89 282’89 9707 145'89 59'89 182’07 45’89 70°89 


69.93 68.91 64.33 63.26 62.17 61.09 59.71 59.66 58.70 58.28 56.84 56.75 54.69 
14.95 16.26 17.52 18.14 18.58 16.62 19.39 16.97 19.26 17.89 20.14 16.40 16.53 
nies tances a os 1.78 1.59 3.06 0.89 2.15 2.87 1.05 3.18 3.37 3.20 1.41 4.78 4.54 
aA eer 0.55 0.22 0.94 1.01 1.05 2.56 2.40 1.15 0.58 1.73 1.97 3.10 2.83 
0.60 0.70 0.34 0.71 0.73 1.65 2.41 0.80 0.76 1.51 1.72 3.22 2.99 
dante 1.46 2.43 0.56 2.50 1.57 3.66 3.59 2.32 1.41 3.69 4.64 5.34 5.34 
5.30 5.22 7.30 6.27 7.56 4.75 5.66 8.38 8.55 5.89 4.45 4.19 5.19 
GRR ie ia eae 3.99 3.39 4.28 4.65 3.88 3.90 4.51 4.17 4.53 5.34 6.67 3.36 3.93 
Pics chdeesskheases ns 0.32 0.45 0.95Ig. 0.61 1.63 Ig. 0.97 0.28 2.53 Ig 2.57 Ig 0.98 1.25 0.82 1.05 
0.12 0.02 0.04 0.05 0.07 0.44 0.09 0.07 0.07 0.40 0.32 
0.33 0.32 tr 0.73 0.53 tr tr 0.64 0.55 0.86 0.91 
De haks totnsaseescces 0.33 tr tr 0.06 0.11 0.63 0.51 0.14 0.10 0.26 0.19 0.52 0.73 
chk tr tr 0.35 0.01 tr tr 0.09 0.06 0.08 0.17 0.07 
100.01 99.87 99.67 100.20 99.50 100.27 100.66 99.56 99.90 100.05 100.29 100.34 100.38 
Norm 
23.35 20.02 25.58 27.24 22.80 22.80 26.69 24.46 26.69 31.69 39.48 20.02 22.80 
44.54 44.01 61.83 53.45 63.93 41.35 47.68 47.68 48.47 41.92 26.20 35.63 41.39 
5.28 11.12 2.28 7.23 5.28 12.51 14.18 8.80 83 6.39 15.01 15.85 10.29 
1.30 -43 4.64 1.30 .68 7.29 4.10 7.78 6.24 5.43 10.00 
3.94 1.39 3.02 4.18 1.39 1.62 2.09 3 2.09 6.96 6.50 
Mode 
E E E E 
145’89. Granite porphyry. Jorthwest of Forest Lake. Lassenose I,4,(1)2."4. W. F. Hillebrand, analyst. 
45°07. Quartz-porphyry. Head of Cottonwood Creek. Lassenose. 1I,4,2,4. J. E. Wolff, analyst. 
297°89. Soelvsbergite. Dike north of Three Peaks. Nordmarkose. I,5,1,4. W. H. Melville, analyst. 
105'07._ Bostonite. Dike head of Comb Creek. Nordmarkose. I,’’5,1(2),’4. J. E. Wolff, analyst. 
131’89. Soelvsbergite. Sill west of Cottonwood Creek. Nordmarkose. I,5,1(2),4. W. H. Melville, analyst. 
282’89. Akerite. Laccolith, middle peak of Three Peaks. Akerose. (I)II,(4) 5,2,(3)4. W. F. Hillebrand, analyst. 
Rosiwal on 129,07, which is the same rock. 
97°07. Laurvikite. Stock head of Comb Creek. Pulaskase, Laurvikose. I(II). 5.2,(3)4. H. E. Merwin, analyst. 
14989. Nepheline-syenite. Small laccolith, Comb Creek. Umptekose. ’’II,5(6),1,4. W. H. Melville, analyst. 
65°89. Soelvsbergite. Sill west of Virginia Peak. Miaskose. I’’.(5)6.1.4. W. H. Melville, analyst. 
59’89. Syenite. Shield’s River Basin. Akerose. (1)II.5.(1)2.(3)4. W. F. Hillebrand, analyst. 
182'07. Akerite. Dike south end of Virginia Peak. Monzonose. I1.5.2.3, F. A. Gonyer, analyst. 
45'89.  Akerite. Dike west of Forest Lake. Akerose. II.’’5.2(3).(3)4. W. F. Hillebrand, analyst. 
70'89. Akerite. Sill above Forest Lake. Monzonose. I1,5,2,3. W. F. Hillebrand, analyst. 
35'07.  Akerite. Dike, north end Virginia Peak. Ilmenose. II,5,2,3. F. A. Gonyer, analyst. 


48°07. Camptonite. Dike on ridge, west of head Little Elk Creek. Shoshonose. I1,5,3,3. J. E. Wolff, analyst. 
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norms, and modes of rocks of the northern area 


70°89 35°07 4807 95°07 101'07 183'07 110'89 U w x Z 3162 113907 
4.78 4.54 4.39 5.21 4.78 3.66 4.31 6.06 3.65 11.95 4.14 5.81 4.64 
3.10 2.83 3.24 1.48 3.38 4.73 5.28 2.94 3.85 3.21 3.68 3.20 3.73 
3.22 2.99 3.27 6.12 5.82 4.52 13.01 5.15 6.35 6.34 3.95 8.77 6.57 
5.34 5.34 5.00 5.21 9.86 8.50 10.38 9.57 8.03 6.96 8.26 
4.19 5.19 4.32 3.20 5.33 6.43 3.44 5.67 4.93 5.42 5.22 4.47 4.45 
3.36 3.93 4.37 3.39 4.67 3.73 2.84 4.49 3.82 4.83 0.56 2.75 3.64 
0.82 1.05 1.54 2.72 1.39 1.16 1.35 2.10 2.97 1.68 2.44 4.33 3.30 
00.34 100.38 99.86 98.65 99.86 99.89 100.02 99.92 100.15 100.94 100.04 99.69 99.11 99.40 ...... 
Norms 
35.63 41.39 36.13 1.57 15.72 1.57 1.57 
5.43 10.00 6.80 33.52 23.61 31.64 27.86 18.84 3 
6.96 6.50 6.50 6.96 5.34 6.26 7.19 
Modes 
E E I I I I I I I 
2 3 36 36 32 41 34 43 
6 7 3 Seance | 18 5 1 2 
95'07. Theralite. Laccolith Three Peaks. Pilandose. III,6,1,4. F. A. Gonyer, analyst. 
10107. Theralite. (Nepheline-syenite phase). Head of Comb Creek. Lardalose. II(IIT),6,1,4. J. FE. Wolff, analyst. 
183’07._ Theralite (magnesia rich, with much olivine and hastingsite). Large laccolith north of Shield’s River Basin. 
Pilandose. III,6,1,4._ F. A. Gonyer, analyst. 
11089. Theralite. Gordon’s Butte. Malignose. III,7,1(3)4. W. F. Hillebrand, analyst. 
x U. Theralite. Alsbaugh Creek. Essexose. II’’.6.2”.’4. G. Schneider, analyst. 


V. Theralite, altered. Three Peaks. A. M. Comey, analyst. 
W. Theralite, altered. Shields River. 
X. Monchiquite(?). 


Y. Theralite (inferior analysis). 
Z. Theralite (inferior analysis). 


3162. 


1°07. 


Theralite. 


Theralite. 


Musse!shell River. 


H. N. Stokes, analyst. 
L. G. Eakins, aralyst. 


Gordon Butte. E. A. Schneider, analyst. 
Martinsdale. J. 
Three Peaks (same as 95'07). 
115'07._ Nepheline-sodalite-rich theralite from north of head of Sixteen Mile Creek. 
Gordon’s Butte (cf. 110’89 ante.). 
139'07. Theralite, Shields River Basin. 


E. Wolff, analyst. 
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The amphibole has the constitution: 

(Na, K).Ca(Mg, Fe”, Fe’’, Al, Ti)s(Al, Si)s(OH).O.2 in which 
Mg/Fe” = 2.8, Al/Fe’” = 2.5, Na/K = 4.2, and the mineral is magnesian 
hastingsite. 

Among the sills and dikes associated with the alkalic rocks are white 
porphyries, with black phenocrysts of a hornblende, which is similar to 


one in rocks between the north side of the Big Timber area and the main 
outcrops of the alkalic rocks north of Shield’s River Basin. The crystals, 
3 mm. long or less, are well developed in the prism zone, with prism 
and both pinacoids, and some have small terminal faces. Optically: 
a = 1.680, 8 = 1.691, y = 1.697 (Na), y — a = .017 (universal stage), 
y — 6 = .006, B — a = .011. Many are twinned on axis, (100) compo- 
sition plane. y toc = 19°. 2V (—) = 73°. Pleochroism: a pale yellow, 
6 brownish green, y dull grass-green. 
F. A. Gonyer’s analysis of this hornblende from 35’07 is as follows: 
Mol. Atoms (0 =24) 


for) 
to 


O DW Wow 


to 


Formula 
0.15 (Na, K) Caz (Mg, Fe)s.s (Al, Fe”, 
100.06 Sis-2 (OH, 
Sp. G. 3.267 


Mol. Atoms 

100 Ca 0.9 

100.26 
Sp. G. 3.23 
f 
16 Fe" 0. 
2.28 37 Na 0. 
| 
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An analysis and geometrical analysis of the rock (35’07) from which 
the hornblende was separated for analysis is shown in Table 5. 

This hornblende is chemically much like those from the essexites of 
Mount Royal and other Monteregian Hills, although the optical proper- 
ties differ somewhat. They all have a considerable percent of TiO.—in 
this analysis, 2.75 per cent. In an analysis of the same hornblende the 
writer found 2.87 per cent TiO., and in the analyses of amphiboles from 
Mount Royal, TiO, ranges from 7.99 to 4.53. 


Other minerals—Nepheline from the theralite has the following prop- 
erties: 

@ = 1.5430 w — ¢ = .0040 (Na light) 
= 1.539 

It gives a spectrographic test for Ba. 

A sodalite mineral has Ny, = 1.4910. It was not analyzed but has 
some Cl, and the index suggests noselite. 

Analcime has Ny, = 1.4880. 

The biotite of the theralite has extinction angles as high as 6 degrees 
(as in many of the nepheline rocks). It has deep reddish brown to yel- 
low pleochroism, and a relatively large axial angle (2E roughly 29° or 
less). It gives a spectroscopic test for Ba. 


CHEMISTRY AND MODES OF THE ROCKS OF THE NORTHERN AREA 


Chemical analyses of 25 rocks from the northern area are given in 
Table 5, together with the norms of the fresh rocks and the modes of 
_ Many of the analysed rocks and of four other theralites. 

The table shows that the modes of specimens 45’07 and 145’89 are very 
similar, although the rocks occur 10 miles apart. Quartz is abundant in 
these rocks but is in small amount in the akerites. Taking the group as a 
whole, the alkalic feldspars are in greatest amount in the bostonites and 
the laurvikites. 

In the theralites, orthoclase is the only feldspar and is in variable 
amounts; the dark minerals are high, especially augite, which is the chief 
mineral. Biotite, olivine, and magnetite are high in some of the theralites. 

In Table 5 are compared chemical compositions calculated from the 
modes as determined by the Rosiwal method, and actual chemical anal- 
yses of several rocks. These data show a fair degree of agreement and 
indicate the degree of accuracy that can be attained in calculating chemi- 
cal compositions from modes for rocks of this kind. The water is low in 
some of the calculated analyses, as many of the rocks show secondary 
zeolites and other hydrous minerals that were not taken into account. 
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Figure 18 is a variation diagram for the alkalic rocks of the northern 
area. At the top of the diagram are given the numbers of the analysed 
specimens. This diagram includes not only the highly alkalic rocks 
(theralite, alkalic syenites, and dikes) but also the associated granite 
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Ficure 18—Variation diagram of the alkalic rocks of the northern area 


porphyries, akerite, monzonites, and others, and therefore shows many 
small variations which are difficult to classify in a limited space. Some 
features stand out: 

Fe,O; is generally greater than FeO, the reverse of the relation in the 
Big Timber rocks, and is expressed by the aegirite molecule in the modes 
(aegirite, aegirite-augite) . 

Al,O; reaches a maximum in Specimen 182’07 (Monzonose) and with it 
K,0 (SiO, = 57 per cent) ; this rock is rich in orthoclase and soda-potash 
feldspars. CaO is greater than MgO except in Specimen 18307, an 
olivine-rich theralite. Na,O is generally much greater than K,O, with 
the aforementioned exception, and the difference between the two oxides 
is greatest in rocks that have between 60 per cent and 70 per cent of SiO.. 


. 
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CONCLUSIONS 


(1) In the field the two diorite stocks and their related minor intru- 
sives are not found associated with bodies of the alkalic rocks, except for 
the single dike of shonkinose, in Sweet Grass Canyon, which cuts the 
diorite and associated sills. This indicates that the alkalic rocks are 
younger than the rocks of the diorite stocks. 

(2) In the Big Timber stock the mafic gabbroic rocks were the first 
formed, for they form breccias or isolated enclosures in the diorite; the 
different varieties of the diorite proper came next; the granitic rocks fol- 
lowed closely; then the various dikes, and lastly the aplites. The lack 
of out-cropping pegmatites, or of hyperfusible constituents in the contact 
zone, may be a result of deep erosion of the stock. They may have ex- 
isted higher up, in or toward the cover, and have been eroded away. 
Lateral pressure evidently accompanied the intrusion of the stock, and 
may explain the forcing of the granitic rocks into the consolidating diorite. 

It seems probable that the stock expanded laterally with depth, and that 
the magma extended its action east and west, forming the outlying buttes 
and the great sill of porphyritic diorite on the west side of Shield’s River. 
The small Big Elk stock, 13 miles north of that of Big Timber, rising as a 
chimney through the sediments, suggests an extension of the deep magma. 

The emplacement of the alkalic rocks of the northern area presents a 
difficult problem. Evidently it accompanied strong east-west pressure, 
especially in the area north of Shield’s River Basin. The theralite is wide- 
spread. It occurs in “Theralite Butte,” and 30 miles northeast in Coffin 
Butte (with dioritic rocks intervening), in Gordon’s Butte, an outlier the 
same distance east of north, in the great masses of rock in “Three Peaks,” 
and elsewhere, everywhere conformable to the tilted sediments. This dis- 
tribution suggests that the alkalic magma, probably syenitic, differ- 
entiated from the dioritic magma in depth and was squeezed up and into 
the sediments under lateral pressure and there differentiated into the 
alkalic series. 

The constant predominance of soda over potash in nearly all the rocks 
of the range, and the presence of barium in unusual amounts, character- 
ize this supposed parent magma as peculiar to the Crazy Mountains. In 
the Tertiary igneous rocks of the other areas in the long line northward, 
leucite is common, indicating a high potash content. 

A discussion of the physico-chemical processes involved in this com- 
plex of igneous rocks the writer must leave to others better able to dis- 
cuss the problems, but a suggestion seems worth while, based on a com- 
parison of the available analyses. If, from Table 5 (analyses of the 
rocks of the northern area), we take the mean of the first fourteen anal- 
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yses (omitting the laurvikite (97'07)), we find this mean and the anal- 
ysis of laurvikite are practically identical. If this mean and that of 
the four theralite analyses are combined into a new mean (“G”, Table 4), 
this is intermediate between “E” and the laurvikite, with SiO, = 53.7 per 
cent. The alkalies are nearly constant throughout the range from ther- 
alite to quartz porphyry. 

As a speculation, therefore, Analysis “G” above may give some approxi- 
mation to the nature of the primary alkalic magma, after its separation 
from the general magma and subsequently differentiating into the various 
rocks of Table 5. 
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Figure 1. View Looxinc NorTHWESTWARD 
Outline of dam and water surface of proposed lake added to show general relation to present topog- 
raphy. (Photograph by permission of Charles Libby and Son, Spokane, Washington.) 


Ficure 2. View From West ABUTMENT 
Showing several stages of construction (Cf. Pl. 3, fig. 1.) (K. S. Brown, Official Photographer, U. S. 
Bur. Reclamation, Grand Coulee Dam.) 
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ABSTRACT 


* Grand Coulee Dam, under construction on the Columbia River in north-central 

Washington, is located at the boundary between the essentially horizontal basalt 
flows of the Columbia Plateau and the complex granitic mountains to the north. 

The foundation and abutments of the dam, exposed by excavation of glacial and 
fluvial overburden, are composed of two types of granite. The older, a coarse-grained, 
massive, biotite granite, is a marginal facies of the Colville granite batholith. The 
younger, a fine-grained, slightly porphyritic granite, occurs in vertical dikes, which 
strike approximately north across the older granite, and represents a resurgent phase 
of the Colville magma. The rock of the west abutment and western half of the 
foundation is largely fine-grained granite. The rock of the eastern half and the east 
abutment is predominantly coarse grained. Irregularly-shaped acid and basic masses 
are interpreted as differentiates of the coarse-grained granite in which they occur 
although some may be highly metamorphosed xenoliths. 

Three major systems of joints cut the foundation granites. One vertical system 
strikes NNE, and another essentially vertical system strikes WNW. The third sys- 
tem is essentially horizontal. The joints of the two vertical systems are locally 
abnormally close-spaced and cause a sheeted structure along narrow, discontinuous 
zones. These vertical sheeted zones acted to concentrate the circulation of heated 
solutions, and the hydrothermally altered rock is confined chiefly to them. The 
solutions were somewhat alkaline and probably preceded and accompanied the ex- 
trusion of the earliest plateau basalts. 


INTRODUCTION 
LOCATION 


Grand Coulee Dam? is on the Columbia River in the north-central 
part of the State of Washington about 75 miles west-northwest of Spokane 
(Fig. 1; Pl. 1, fig. 1). This dam constitutes the first and key unit in the 
Columbia Basin Reclamation Project (Kuentz, 1934, p. 726-755; Robins, 
1932, p. 563-565; Banks, 1934, p. 456-459; Keener et al, 1935, p. 139-160). 
The project is a comprehensive plan to develop the Columbia River, 
produce hydro-electric power, and provide irrigation facilities for an esti- 
mated area of 1,200,000 acres of semi-arid but fertile land in the Big Bend 
region of the Columbia Plateau. 


PURPOSE OF STUDY AND EXTENT OF FIELD WORK 


Several preliminary surveys (Ransome, 1934, p. 1178-1186; Williams, 
1934, p. 1187-1193; Landes, 1934, p. 1193-1198; Bryan, 1924; Calkins, 
1905) have been made which deal partly with the geology of the dam 
and reservoir sites and the proposed canal and tunnel lines of the irri- 
gation system. Since the beginning of actual construction of Grand 
Coulee Dam detailed geologic investigations have been carried on by and 
under the direct supervision of Charles P. Berkey. 


1 Grand Coulee Dam is under construction by the United States Bureau of Reclamation as a Federal 
Project of the Public Works Administration. It is a concrete gravity dam. The dam will be 4300 feet 
long at the crest with an overflow spillway 1650 feet long in the river channel section; about 550 feet 
high above the lowest point of the rock foundation; about 500 feet thick at the base, and 30 feet thick 
at the crest. It will be the largest in volume and the second highest dam in the world, being surpassed 
in actual height only by Boulder Dam (727 feet high) on the Colorado River. The lake created will 
be approximately 151 miles long with the new water surface at the dam 355 feet above the low-water 
level of the river. 
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Ficure 1—Outline map of central and eastern Washington 


The present paper is based on the writer’s field work during the sum- 
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geologic history of this region. The resulting observations and conclu- 
sions, although premised on a detailed investigation of the dam site itself, 
have been tested by reconnaissance over a much broader area. 

The field work consisted of a detailed study of the rock floor of the dam 
and the preparation of a structural and geologic map? of the actual 
foundation area; detailed investigation of the immediate vicinity of the 
dam within a radius of about 2 miles; and a reconnaissance survey of the 
general region within about 15 miles of the dam site. 

Because a large part of the data was obtained in the course of mapping 
the structure and geology of the rock floor of the dam, a short description 
of the method of mapping is considered desirable. According to the con- 
struction procedure (Pl. 1, fig. 2; Pl. 2, fig. 1), successive rectangular 
areas of the bedrock surface (averaging 50 feet square) are cleaned and 
immediately covered with concrete. As a result, only a few square rods 
of the cleaned rock surface were generally available at any one time for 
detailed study and mapping. 

The final cleaning process involved the removal of all débris and loose 
fragments, scrubbing with wire brushes and sand blast, if necessary, and 
a thorough washing with high-pressure streams of air and water. After 
this final cleaning, the separate blocks of bedrock surface were mapped 
individually on a scale of 1 inch = 12 feet. A mosaic office map was then 
constructed on a reduced scale of 1 inch = 20 feet to emphasize the major 
geologic and structural features of the rock.* The unusual opportunity 
to study thousands of square feet of freshly cleaned and washed rock 
surface made possible a detailed analysis of the successive stages in the 
history of the bedrock. 
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2 The writer carried on the mapping during the summers of 1935 and 1936 and aided during the 
summer of 1937. During the intervening time the mapping was done by Mr. Grant Gordon, Associate 
Engineer, United States Bureau of Reclamation, aided by Mr. Robert Nichols, Inspector. 

It is proposed that when this geologic map is completed it be superposed upon a topographic map 
of the rock surface. The resulting composite map will then represent a permanent, detailed record of 
the topography and geology of the rock floor upon which the lowest course of concrete was placed. 
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GEOLOGIC SETTING 

The Spokane River and the west-flowing segment of the Columbia 
River divide eastern Washington into two areas unlike in both topography 
and geology. To the north are the rocky, mountainous uplands of the 
westernmost part of the Northern Rocky Mountain physiographic prov- 
ince (Fenneman, 1931, p. 183-224). It is characterized by maturely 
dissected, north-south ranges of complex rocks. The general surface of 
this upland slopes southward from elevations of 6000 to 8000 feet near 
the Canadian border to elevations of 2000 to 2500 feet near the Columbia 
and Spokane rivers where it passes beneath the northernmost edges of 
the younger lava flows of the Columbia Plateau. 

The gently undulating surface of the Columbia Lava Plateau (Fenne- 
man, 1931, p. 225-273) slopes from elevations of 2300 to 2500 feet along 
its western and southern edges. The Plateau consists of essentially 
horizontal, basaltic lavas which, however, in some places are warped and 
less commonly faulted. The surface of this plateau is broken by a net- 
work of southwest-trending channels eroded by the displacement of nor- 
mal Columbia River drainage during the later stages of Pleistocene 
glaciation. Grand Coulee,‘ the largest of these channels, heads in the 
south wall of the Columbia River valley about a mile south (upstream) 
from the site of Grand Coulee Dam. At this point the floor of the coulee 
hangs discordantly about 500 feet above the level of the Columbia River. 
The northern half of the Grand Coulee (sometimes called the Upper 
Grand Coulee) marks, in general, the farthest eastward advance of the 
ice front in this immediate vicinity. 

The site of Grand Coulee Dam (PI. 1, fig. 1) is notable in several 
respects. It is on the zone of transition between the rough topography 
of complex granitic mountains to the north and the level surface of thick 
basalt flows to the south. In addition, it is near the boundary between 
glaciated areas to the northwest and unglaciated areas to the southeast. 
Historically, this modern concrete dam plays a major part in a man-made 
plan to divert again the Columbia River through the coulee, as did the 
ancient ice barriers. 


Low earth dams built at each end of the Upper Grand Coulee will, according to present plans, 
convert it into a high-level balancing reservoir for the irrigation project. Water will be pumped up 
into this reservoir from the lake created by Grand Coulee Dam in the valley of the Columbia River. 
Thence it will flow via a system of canals and tunnels to the various parts of the irrigable area to the 


south. 
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FOUNDATION GEOLOGY 
GENERAL STATEMENT 


There are four major formations in the vicinity of the dam: (1) 
granitic rocks of the Colville batholith which form the foundation of the 
dam, (2) glacial and fluvial sand, gravel, and silt which compose the 
overburden at the site of the dam, (3) Tertiary shales, and (4) Columbia 
River basalts. Knowledge of the character of the first two is of practical 
importance at the immediate site of the dam. 


GRANITE BEDROCK 


The granites which make up the entire foundation and abutments of 
the dam are durable and of high quality (Berkey, 1935, p. 67-71). Two 
types have been distinguished. The older, 4 coarse-grained, massive 
biotite granite, represents a marginal facies of the Colville granite 
batholith (Pardee, 1918, p. 30-34). The younger, a fine-grained, dense, 
slightly porphyritic granite, occurs in vertical dikes striking north across 
the older granite. These dikes are similar in many respects to certain 
quartz porphyry dikes in the Nespelem area of the Colville Indian Reser- 
vation, mapped by Pardee. In the dam area the dikes range from 50 
feet or less to several hundred feet in width, and from 1000 feet to several 
miles in length. Locally, they may be closely spaced or almost absent. 
The rock of the west abutment and western half of the foundation is 
largely the fine-grained granite, whereas the rock of the eastern half of 
the foundation and the east abutment is predominantly coarse grained. 

In addition to these two granite facies, there are many vein-like and 
irregular masses of high-silica and low-silica rocks. They are restricted 
chiefly to the areas of the coarse-grained granite and probably are largely 
differentiates directly associated with the emplacement and solidification 
of the granite magma. Some may represent greatly metamorphosed 
inclusions derived from the margins of the magma reservoir. Two basalt 
dikes occur in the western part of the foundation, and several andesitic 
dikes have been observed near the dam. These minor rock types repre- 
sent only a small portion of the total foundation area. 

The granite surface was remarkably level over a wide area, particularly 
in the central and western portion of the foundation. There are two main 
types of topographic irregularities (Pl. 2, fig. 2; Pl. 3, fig. 1): (1) linear, 
discontinuous, trench-like depressions, and (2) irregular depressions. 
One system of linear depressions trends approximately NNE, and an- 
other less perfectly developed system trends about WNW. They are 
narrow zones in which the bedrock has been somewhat weakened by a 
sheeted type of vertical jointing and by the attack of hydrothermal 
solutions. The intersection of sheeted zones produces deeper and more 
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Ficure 1. StTaGes 1n PLacinc ConcrRETE 
Foundation rock near west abutment. Rock surface within wooden forms (lower left) being given * 
final cleaning. (K. S. Brown, Official Photographer, U. S. Bur. Reclamation, Grand Coulee Dam.) 


Ficure 2. TRENCH In East ABUTMENT 
Eroded along NNE sheeted zone in foundation rock. 


CONCRETE PLACING AND ROCK TOPOGRAPHY 
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Ficure 1. TRENCHES IN West ExcavaTION AREA 
Cutting rock floor of pre-glacial Columbia River. 


Figure 2. Masor 
Of March 27, 1934. Slumped material occupied position in and partially concealing deep rock ravine 
just northwest of west abutment. 


FOUNDATION TOPOGRAPHY AND SLIDE 
(K. S. Brown, Official Photographer, U. S. Bur. Reclamation, Grand Coulee Dam.) 
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irregular depressions. This seems to account for the deep irregular de- 
pression in the eastern area of the foundation. Its presence was indicated 
by the exploratory diamond drilling and roughly outlined by a geophysical 
survey (Swartz and Joyce, 1933). The bedrock surface represents the 
pre-glacial channel of the Columbia River, and the depressions are clearly 
the result of river erosion along zones of weak rock. 

Geologic elements of the foundation are reflected to a certain extent in 
the topography of the granite hills within the Columbia Valley. From 
many points one can see a distinctly linear element caused by systems of 
discontinuous trenches.° Most of them (PI. 1, fig. i; Pl. 3, fig. 1) trend 
northerly across the country, but a few run westerly. They have been 
formed by differential erosion either along the fine-grained granite dikes 
or along narrow zones of closely spaced vertical joints. 

The surface of the granite foundation, as progressively exposed by the 
removal of sand and silt overburden, showed little evidence of surficial 
decay. Nevertheless, to obtain a rock surface of maximum soundness, 
this rock was excavated to different depths in order to remove any 
material that might have been invisibly weakened by surface weathering. 
The depressions were excavated to greater depths and given special 
treatment in accordance with individual requirements. Actually, such 
zones represent only a relatively small portion of the total foundation 
area.® 

OVERBURDEN 


During late Pleistocene, the normal flow of the ancient Columbia River 
was dammed at least once at some point downstream (west) from Grand 
Coulee Dam by ice advancing from the north or northwest (Bretz, 1923, 
p. 573-608; 1932; Flint, 1935, p. 169-194; 1936, p. 1849-1884). The re- 
sulting lake overflowed southward across the lava plateau at several 
points. The lake functioned as a settling basin in clarifying glacial 
meltwater. As a result, the valley of the Columbia River is choked for 
long distances with clays and silts, stratified sands and gravels, and asso- 
ciated till. Only a portion of this débris has been removed by river 
erosion. 

At Grand Coulee Dam (PI. 1, fig. 1; Fig. 2) the lowest member of the 
overburden consists of stiff varved clays and silts resting directly upon 
the water-worn rock surface of the pre-glacial Columbia River channel. 
Near the west abutment these varved clays grade vertically upward, 
without discernible break, through stratified silt and sand, and associated 


5 From these linear depressions Charles P. Berkey, Consulting Geologist, forecast that similar features 
would be found in the foundation rock at the dam site. 

6 The entire foundation is being subjected to a carefully executed, detailed program of inspection, 
testing, and treatment including pressure grouting and provisions for drainage in accordance with 
established procedures. 
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lenses of till, into an overlying member of stratified sand, silt, and gravel. 
Although these deposits represent a stratigraphic thickness of approxi- 
mately 800 feet, the actual excavated thickness varied from about 50 
feet in the center of the river to 300 feet near the west abutment. 
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Ficure 2—Generalized section through dam foundation 


Illustrating distribution and character of overburden. 


The varved clays were deposited in a glacial lake during the initial 
periods of ponding and ice advance. Eventually the ice pushed com- 
pletely across the present site of the dam, blocked the mouth of the 
Grand Coulee channel, and advanced for a short distance out upon the 
plateau east of the head of the coulee. The record of this advance is 
seen in the gradual upward change from clays to silts and sands, capped 
by a zone of poorly sorted débris and associated till. Above the till, thin- 
bedded silts and fine sands were deposited during the retreat of the ice. 
These silts and sands contain scattered lenses of gravel. In the west 
excavation area and elsewhere, there is a discernible difference between 
the light, powdery, high-level silts, deposited during the retreat of the ice, 
and the stiff, low-lying varved clays formed during the advance of the 
ice. The latter have been appreciably compacted by the weight of 
over-riding ice and the load of subsequently deposited material. 

In many places the glacial outwash is dominantly coarse sand and 
gravel and forms high-level kame terraces? and irregular deposits along 
the upper reaches of the valley walls. 

Locally, the original horizontal stratification of a large portion of the 


7 The concrete aggregate used in the construction of the dam is obtained from one of these kame 
terraces, locally named the “Brett gravel pit.” It lies in a pocket or re-entrant in the east wall of the 
valley about 1% miles downstream from the site of the dam. 


| 
= 
Granite 
Basa/t 
Al 


FOUNDATION GEOLOGY 1635 


clays, silts, and sands has been greatly disturbed and distorted by ancient 
landslides. This crumpling and mashing of original structures is doubt- 
less due in part to the thrust of advancing ice,* in part to the slumping 
of high-level deposits during ice retreat, and in part to landslides caused 
by undercutting during subsequent river erosion. 

Excavations incident to the construction of the dam have artificially 
disturbed the stability of many parts of the overburden and have caused 
occasional landslides. To insure against additional movement in these 
landslide areas, several methods or combinations of methods have been 
employed. Those most frequently used have been (a) unloading by 
removal of material from the top of the slide, (b) blocking and loading 
the toe of the slide with rock débris, and (c) artificial drainage to remove 
water trapped in gravel lenses and serving as a lubricant for the clay-silt 
portions. The conditions associated with one of the recent slides in the 
glacial silts of the east excavation necessitated the unusual treatment of 
freezing the toe of the slumping material (Gordon, 1937, p. 211-215). 

One of the largest slides occurred March 27, 1934, on the west side of 
the river (Pl. 3, fig. 2). It involved more than 2,000,000 cubic yards of 
glacial silt, sand, and gravel. This material, perched on the side of the 
main valley just north of the west abutment, rested in, and partially 
concealed, a steep rock ravine. The slumping, caused by the disturbance 
of equilibrium during artificial excavations, disclosed evidence of similar 
movement caused in the past by natural agents. This slide has been 
stabilized by further excavation, by draining water pockets into a drain- 
age tunnel excavated in bedrock beneath the slide area, and by loading 
and partly blocking the toe of the slide with a heavy rock blanket. 

On the east side of the river the distorted varved clays are overlain 
with marked unconformity by materials very different in structure and 
character from any deposits on the west side. They consist of bouldery, 
unsorted till-like débris, which grades upward into well-rounded fluvial 
sands and gravels showing foreset structures which dip downstream. 
These deposits were probably associated with the very latest stages of 
ice retreat and seem to be younger than any known on the west side of 
the river. 

SHALES AND BASALTS 

The thick series of lava flows known as the Columbia River or Yakima 
basalts, together with locally intercalated beds of Latah shales (Berry, 
1931, p. 31-42), are not involved in the construction of the present dam, 
and will not be discussed in this report. They are, however, of marked 


8 Excavations at Grand Coulee Dam add supporting evidence to suggestion of Flint (1935,.p. 190) 
that ice thrust is recorded in section on west bank of Columbia River about 4 miles below Grand 


Coulee Dam. 
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importance in connection with the proposed high-level balancing reservoir 
in the Upper Grand Coulee channel and the distributary canals of the 
irrigation system. 

SEQUENCE OF EVENTS 


Before discussing the igneous and dynamic history of the foundation 
rock the successive stages of the geologic history of this vicinity may be 
outlined briefly as follows: 

(1) Deep-seated intrusion of granitic magma into pre-existing cover’; 
slow cooling and differentiation resulting in a coarse-grained, biotite 
granite containing many dikes, sills, and pod-like masses of high-silica 
(pegmatites and aplites) and low-silica (dioritic) rocks. 

(2) Deformation of granite producing several fracture systems: (a) 
vertical fracture striking NNE; (b) less abundant, vertical to steeply 
dipping fractures striking WNW; (c) additional fracture patterns with 
different local trends. 

(3) Mineralization of WNW fracture system with (a) sphalerite, 
pyrite, fluorite, chalcopyrite, galena, quartz; (b) associated quartz, 
pyrite, molybdenite, (fluorite?) which possibly represent a high-tempera- 
ture stage. 

(4) Hypabyssal intrusion of granitic magma (slightly lower in silica 
and higher in titanium than previous granitic magma) following lines of 
crustal weakness and solidifying as vertical, fine-grained, porphyritic 
dikes which trend NNE; intrusion separable into two stages identical in 
mineralogy; end-stage differentiation almost wholly lacking. 

(5) Irregular, complex fracturing of porphyritic granite dikes (prob- 
ably due largely to contraction during end-stage cooling) and minor 
quartz-pyrite mineralization of joints. 

(6) Formation of flat-lying joint system affecting both granites and 
associated with unroofing of Colville batholith. 

(7) Renewed movement resulting in fracturing of granites along old 
tectonic lines locally intensified as narrow, sheeted zones; alteration of 
these zones by rising hydrothermal solutions. These activities preceded 
and accompanied a period of: 

(a) andesitic flows (Colville Indian Reservation) represented in vicin- 
ity of Grand Coulee Dam by miscellaneous, considerably altered ande- 
sitic dikes; followed by 

(b) slight warping, erosion, and main period of basalt flows (Columbia 
River basalts) represented in the dam foundation by two small feeder 
dikes. 


® This cover is the Covada Series and is composed of shale, slate, argillite, schist, quartzite, con- 
glomerate, limestone, and greenstone. On the basis of meager fauna and flora, Pardee (1918, p. 20-27) 
suggested a Carboniferous age for this series. 
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(8) Slight renewal of movement along existing lines of structural weak- 
ness in the granites resulting in gentle warping of overlying basalt flows 
and minor faulting of the andesite and basalt dikes. 

(9) Entrenchment of Columbia River near margin of basalt flows. 

(10) Advance of ice sheets and temporary but profound modification 
of drainage; Columbia River forced to leave natural channel and flow 
southwestward across Columbia Plateau, eroding numerous coulees and 
scabland channels. 

(11) Melting of last ice sheet followed by return of Columbia River 
drainage to pre-glacial course.’ 


PETROLOGY 
COARSE-GRAINED GRANITE 


Description and correlation—The oldest rock which has any appre- 
ciable. areal extent in the vicinity of the dam is biotite granite. Natural 
exposures are dark gray to brownish. They usually have the smooth, 
rounded surfaces and softened profiles formed in many massive rocks by 
weathering. Fresh surfaces are light gray to slightly pinkish. 

The typical rock is a moderately coarse-grained, massive aggregate of 
quartz, potash feldspar, oligoclase, and subordinate amounts of biotite. 
Apatite, magnetite, and allanite are always accessory minerals. Minor 
amounts of sphene appeared in only 3 of the 33 thin sections examined. 
Many crystals of potash feldspar show an indistinct, microcline-like 
twinning. This twinning, sometimes suggestive of anorthoclase and 
sometimes of microcline, is probably caused by stress and may possibly 
indicate a high soda content. Marked strain shadows, in many places 
with a distinct sub-parallel alignment, are invariably present in the 
quartz. The biotite is usually rather ragged, owing to magmatic resorp- 
tion, and frequently shows incipient alteration to chlorite. Some of the 
oligoclase (about Ab,.) and the potash feldspar crystals have an altered 
core surrounded by fresher feldspar. 

The consolidation of the coarse-grained granite closed with the crystal- 
lization of quartz and orthoclase and the formation of some myrmekitic 
intergrowths of quartz in feldspar (largely orthoclase, some oligoclase). 
There are many indications that at least a portion of the quartz and 
orthoclase formed as a late-stage injection of residual, magmatic fluids. 

The coarse-grained granite is visible in the floor of the Grand Coulee 
for about 12 miles south of the site of Grand Coulee Dam. A short 
distance north of the dam, the granite merges by a gradual change in 
texture into the coarse-grained, porphyritic, biotite granite which repre- 
sents the typical phase of the Colville batholith (Pardee, 1918, p. 30-34). 


10 In steps 10 and 11 the author does not intend to imply a preference for single or multiple glaciation. 
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The Colville granite, described and named by Pardee, was shown by him 
to have a surface exposure of more than 1000 square miles in the Colville 
Indian Reservation. He suggested a roughly circular plan for the Colville 
batholith if outlying exposures were included such as those in the floor 
of the Grand Coulee. From his studies he concluded that the Colville 
granite probably was intruded in Cretaceous time; he pointed out certain 
similarities in composition and age between it and the Mount Stuart and 
Idaho batholiths. The results of the present study indicate that the 
coarse-grained granite, exposed at Grand Coulee Dam and southward 
in the Grand Coulee, represents a marginal facies of the Colville batholith. 
It should therefore be known as the Colville granite. 


Differentiates from the coarse-grained granite—The many dikes and 
irregular masses associated with the coarse-grained granite indicate that 
appreciable differentiation accompanied the crystallization and consoli- 
dation of the magma. If classified by composition these differentiates 
may be separated into low-silica and high-silica groups. 

The low-silica masses range in composition from biotite diorite to 
biotite-quartz diorite. In places hornblende is an essential mineral. 
Sphene, magnetite, and apatite are the common accessories. These dio- 
ritic segregations exhibit a variety of sizes and structural relations with 
the enclosing granite. Many are definite, sharp-bordered dikes clearly 
formed by injection. Others are sill-like or pod-shaped masses, some of 
which must have solidified simultaneously with the enclosing granite. 
The earlier dikes are characteristically bordered by a pegmatite composed 
of large crystals of biotite, quartz, and feldspar, whereas the later dikes 
lack this pegmatite border. The highway excavation just above the west 
abutment exposes one of these later dikes which ends in a small, rather 
perfect laccolith. The linear parallelism of minerals seen in many places 
is due to flowage before complete consolidation. Although generally 
interpreted as segregations, some of the very irregular masses may be 
highly metamorphosed inclusions. 

The high-silica differentiates are composed of coarse-grained quartz, 
orthoclase, biotite, and a few crystals of albite. Such pegmatites are far 
more common than the dioritic masses and range from sharp-bordered 
dikes to large, irregular masses which merge gradually with the surround- 
ing granite. Aplite dikes, composed of quartz, feldspar, and accessory 
garnet, cut all other differentiates. 

Poorly developed banding or gneissoid structure is noticeable in places 
in the biotite granite. It could not be determined whether this structure 
was primarily induced by flowage prior to consolidation or was largely 
the result of later dynamic stresses. Both processes were active. It is 
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entirely possible that some early segregations may have been rolled or 
stretched by magmatic movements into a semblance of streaked, gneissoid 
structure. 

Microscopic study has shown marked strain shadows universally pres- 
ent in the quartz of the coarse-grained granite. A few examples of bent 
biotite cleavage and deformed plagioclase twinning lamellae also suggest 
deformation. In some places this was caused by slight movement while 
the rock was still plastic, but there is a strong possibility, if not the neces- 
sity, of mild deformation after consolidation. This deformation must 
have occurred prior to the intrusion of the fine, porphyritic granite dikes, 
for the quartz, feldspar, and mica in the latter show no traces of abnormal 
strain. This point was clearly established by the petrographic examina- 
tion of about 80 specimens of the two granites, specially selected to de- 
termine the degree and character of residual strains. 

Additional evidence of deformation after consolidation is given by 
Pardee (1918, p. 32-33), who states that schistose or gneissic structures 
are characteristic of considerable areas of Colville granite in the Colville 
Indian Reservation (Omak Creek-Hall Creek district). He believes that 
the rocks showing those structures are dynamic modifications of the nor- 
mal Colville granite. 

FINE-GRAINED GRANITE 

After the consolidation of the coarse-grained granite, regional stresses 
developed two systems of essentially vertical fractures trending WNW 
and NNE. Close spacing of these fractures within narrow zones pro- 
duced a sheeted structure. Such sheeted zones are spaced at wide in- 
tervals. 

Mineralization of the fractures culminated in the intrusion of fine- 
grained, somewhat porphyritic granite dikes along the NNE fracture 
lines. Locally the dike walls are rather irregular owing to assimilation of 
the coarse granite wallrock. Small inclusions of the coarse-grained gran- 
ite are numerous. Most of them, however, have been so completely chlo- 
ritized and recrystallized that their texture and appearance is similar to 
that of the fine-grained granite. The inclusions usually can be recognized 
only by relict outlines and abnormal content of chlorite. 

The fine-grained granite weathers to sharply angular blocks decidedly 
different from the smooth, rounded outlines characteristic of the coarse- 
grained granite. A fresh surface of the younger granite is medium to 
light gray, fine grained, and somewhat porphyritic. Phenocrysts of 
milky-white feldspar, gray quartz, and green chlorite are crowded to- 
gether in a slightly darker, dense, fine-grained groundmass of the same 
material. Owing to the predominance of phenocrysts over groundmass 
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and to the similarity in color of the two, this porphyritic character is not 
always readily noticeable in a hand specimen. However, in thin section 
the rock is seen to be always distinctly porphyritic. Since the most ap- 
parent difference in the hand specimen lithologies of the younger and 
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Ficure 3—Composite sketch of contact between the two granites 


older granites is one of grain size, the intrusive dikes will be designated 
in. this discussion as the “fine-grained granite dikes” (quartz porphyry 
dikes of Pardee). The older Colville granite will be designated simply as 
the “coarse-grained granite” (Colville porphyritic granite of Pardee). 
This best represents and differentiates the rocks as typically exposed in 
the vicinity of Grand Coulee Dam and avoids confusion with nomencla- 
ture already applied to their correlatives in the Colville Indian Reserva- 
tion to the north. 

The quartz phenocrysts average from an eighth to a quarter of an inch 
in diameter, occasionally reaching half an inch. Many show deep re- 
sorption embayments. Orthoclase and some plagioclase (about Abgo) 
occur as phenocrysts. The original biotite is altered to chlorite and small 
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amounts of epidote and carbonate. The accessory minerals are sphene, 
apatite, magnetite, and epidote. Euhedral crystals of sphene are the most 
common. The epidote and scattered patches of vermicular chlorite are 
largely products of the final stages of consolidation of the magma. 

The groundmass consists of equigranular quartz, orthoclase, and sub- 
ordinate chlorite. In some places, where the groundmass is distinctly 
granophyric, the quartz and feldspar phenocrysts are encased in wide 
borders of micrographic quartz in feldspar. Near the edges of the dikes 
parts of the groundmass become almost cryptocrystalline. 

The fine-grained granite in a few places becomes syenitic, in others 
monzonitic, and in still others contains accessory black hornblende. In 
the west abutment area, west of the main highway, a dark-gray, porphy- 
ritic hornblende syenite intrudes the coarse-grained granite. It is prob- 
ably a facies of the fine-grained granite, although overburden prevented 
determination of exact age relation. 

The fine-grained granite dikes were intruded in more than one stage. 
In one locality in the west excavation area the fine-grained granite was 
intruded by a rock whose texture, internal structure, and mineralogy were 
identical with those of the fine-grained granite insofar as could be de- 
termined. Several other places in the foundation showed indications of 
such dual intrusion. 

The surface trace of the contacts between the vertical fine-grained 
granite dikes and the enclosing coarse-grained granite is essentially 
straight, although local, sinuous irregularities are numerous. As only a 
small part of the width of the dikes can be definitely attributed to actual 
destruction of the coarse-grained granite wallrock by melting and assimi- 
lation, the pre-existing lines of crustal weakness seem to have been domi- 
nantly tensional. , Some of the details of the contact zone have been 
illustrated diagrammatically (Fig. 3) and require no further discussion. 


JOINT SYSTEMS 


General statement.—The jointing of the granites indicates noticeable 
differences in the behavior of the two granites under stress. Outcrops of 
the coarse-grained (Colville) granite are commonly rounded and normally 
traversed by relatively few, widely spaced joints. The younger granite is 
commonly cut by a complex system of joints which meet at different 
angles and cut the rock into sharp-edged, highly angular blocks. Both 
granites have great strength, and the jointing indicates that the fine- 
grained granite is the more rigid. 

A thorough understanding of the joint systems in the foundation rock 
was desirable (1) because of their genetic relation to successive steps in 
the geologic history, and (2) because such understanding would aid in 
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solving construction problems such as effective grouting. For these and 
additional reasons a structural and geologic map of the rock floor of the 
dam is being prepared; the character and method of mapping have 
already been described. This map has not yet been completed, and it is 
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Ficure 4.—Portion of geologic map of foundation 


not feasible at present to reproduce in detail all finished portions. How- 
ever, Figure 4 presents the average detailed character of this map. The 
most prominent structural features in the western portion of the rock 
floor have been illustrated diagrammatically in Figure 5. 

The joint pattern of the foundation granites is relatively simple and 
may be divided into three systems: (1) vertical joints striking N 0°-20° E, 
(2) joints with an average strike of N 70° W and a steep dip to the NE, 
(3) flat-lying joints striking about N 70° W and dipping gently from 5° 
to 15° SW. Those of the vertical or nearly vertical systems are normally 
2 to 3 feet apart. However, the spacing decreases locally to from half an 
inch to 5 inches, giving rise to a definite sheeted structure. These sheeted 
zones, spaced at wide, irregular intervals, generally range in width from a 
few inches to 4 or 5 feet. 

In addition, there are many local joints which individually affect only 


a = | 

Fic 
ov Z : 

i ° 

: 


PETROLOGY 1643 


small areas and were due to local stresses. There are a few indistinctly 
developed sheeted zones which trend N 80° E. It could not be determined 
whether they merely represent a coincidental parallelism of local stresses 
or whether they are directly connected with regional movements. 


Vertical joint systems ——tThe sheeted zones of the NNE fracture system 
are more numerous than those of the WNW set, but, with the exception 
of one zone which crosses the foundation near the east bank of the river, 
are individually narrower and less intensely fractured. The slight move- 
ments have usually been distributed over the entire width of the sheeted 
zones rather than concentrated along any single joint plane. The move- 
ment has, in general, been essentially horizontal and has resulted in a 
relative displacement of the east side of the zones toward the south. An 
upward component was apparent in some places. The total displace- 
ment (measured in a horizontal plane) is seldom greater than 2 or 8 feet. 
Throughout the geologic history the stress active along these NNE lines 
of structural weakness seems to have been predominantly tensional in 
contrast to predominantly compressional stresses along the WNW lines. 

In the WNW joint system the sheeted zones are generally shorter and 
less numerous than those of the NNE system, apparently because of the 
concentration and localization of most of the movement (in the WNW 
system) along a single zone which cuts diagonally across the western half 
of the dam foundation (Fig. 5). This zone strikes N 60°-70° W and dips 
steeply from 60° to 80° to the NE. Although the width of this abnor- 
mally fractured zone varies considerably there is usually a centrally 
located zone of gouge from 1 to 8 inches thick. The movement along 
this zone has resulted in an average relative displacement of the north 
or hanging wall upward and eastward. The active stress seems to have 
been largely compressional. In several places, gash or tension fractures 
filled with massive white quartz extend obliquely away from the sheared 
zone, and the zone of gouge itself contains brecciated white quartz. Since 
this quartz and the associated minerals are earlier than the fine-grained 
granite dikes, this WNW shear zone must likewise be earlier than the 
fine-grained granite dikes. After the intrusion of the granite dikes move- 
ment was renewed, and the shear zone was reformed. It now cuts across 
and displaces the fine granite dikes and a still younger basalt dike. 
Since there is no appreciable difference in their relative amount of dis- 
placement, the renewed movement must be largely post-basalt. 

The basalt dike is near the west bank of the river. It strikes approxi- 
mately N 20° E and dips 75° SE (Fig. 5); measurements of displace- 
ment caused by movements in the WNW shear zone show a relative move- 
ment of the north or hanging wall of the shear zone upward and eastward. 
The maximum displacement is about 7 feet and must represent the sum- 
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mation of post-basalt movement. Since the basalt dike seems to be 
genetically associated with the Miocene basalt flows which constitute 
the Columbia Plateau, this 7 feet must represent all post-Miocene dis- 
placement which has affected the foundation of the dam at this point. 


Ficure 5—Diagrammatic sketch of major joint systems and sheeted zones 


In foundation and abutment rock in the west excavation area. 


Horizontal joint system.—The horizontal joints are present over the 
entire foundation area. They dip 5 to 15 degrees toward the south 
and southwest. They are spaced at intervals ranging from 6 inches to 3 
feet and show a distinct tendency to grouping in zones of abnormally 
close-spaced joints. The large scale of the excavation operations and 
the drilling program provided an opportunity to investigate the character 
and distribution of these zones, or “lift zones” as they have been called, 
over a wide horizontal area and also at depth. 

The “lift zones” ** are roughly parallel, and within the vertical range 
of visible exposures their spacing varies considerably but approaches a 
maximum of about 30 feet. However, inspection of cores from diamond 
drill holes, ranging from 50 feet to about 800 feet in depth, showed that 
the relative size and number of these zones decrease with depth. Indi- 
vidually the zones are discontinuous and die out within short distances. 
In vertical cross section, some are wavy and undulatory, while others are 
distinctly lenticular or dome-like. The joints within the zones are spaced 


1 The term “lift zone” was coined by Dr. Charles P. Berkey and first used in 1936 by the Consulting 
Board for Grand Coulee Dam, of which he was a member, in a report (unpublished) made to Mr. 
R. F. Walter, Chief Engineer, United States Bureau of Reclamation. As far as the writer is aware 
it is being used for publication for the first time in the present article. 
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from a quarter of an inch to 6 inches apart and have discontinuous, undu- 
latory, and lenticular features, as do the zones themselves. Although in- 
dividual joints seldom extend for more than 5 to 20 feet, many are 
slightly open near their middle portion. The separation of the joint sur- 
faces is usually small, in some places one-sixteenth of an inch, rarely as 
much as a quarter of an inch. Some of the small, lens-shaped patches of 
rock within the “lift zones” tend to disintegrate without chemical de- 
composition. 

These “lift zones” or “lift cracks” may be due, at least in part, to a 
static relief of vertical pressure owing to the unroofing of the Colville bath- 
olith by pre-basalt erosion. Thus their origin differs distinctly from 
that of the vertical joints which are due to regional movements. 

In a few places these “lift cracks” contain thin deposits of secondary 
minerals identical with those formed by the hydrothermal solutions ac- 
companying the earliest basalt flows. The absence of this mineralization 
from most of the “lift cracks” does not invalidate the interpretation that 
they formed prior to the period of basalt flows. This absence of hydro- 
thermal mineralization is to be expected, as the “lift cracks” are indi- 
vidually discontinuous and fade out within short distances. Their inter- 
section with a vertical joint which contained hydrothermal solutions was 
coincidental and not genetically significant. The stress conditions which 
caused the formation of the two types of joints were not only quite dif- 
ferent in character but were also separated by a considerable amount 
of time. 

MINERALIZATION AND ALTERATION OF GRANITES 


After the consolidation and cooling of the coarse-grained granite, frac- 
turing developed in two directions. One system of fractures trends WNW 
and either is vertical or dips steeply to the NE. A poorly developed com- 
plementary system of vertical fractures formed in a NNE direction. Ore- 
bearing solutions which accompanied this activity resulted in minerali- 
zation dominantly in the WNW fractures. The mineralization along the 
NNE fracture system either was largely destroyed by the later intrusion 
of the fine-grained granite dikes or was originally less extensive. 

The minerals developed in two stages are: (a) fine-grained, dark-gray 
quartz and (b) massive, white quartz. They occur partly as fracture 
fillings and partly as lode-like replacements of the granite. Somewhat 
obscure evidence indicates that a period of brecciation separated the gray 
quartz from the later white quartz. 

The more abundant white quartz contains large amounts of pyrite, 
sphalerite, and fluorite, less chalcopyrite, and rarely a few grains of 
galena. Creamy-white, sericitic mica and white, kaolinitic material are 
closely associated with the sulphides and represent alteration of the wall- 
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rock. Inelastic plates of slightly greenish mica occur usually as a thin 
layer separating the quartz gangue and wallrock. In some places vugs 
exist lined with crystals of calcite and fluorite. Minute amounts of mo- 
lybdenite very rarely occur in the quartz. 

Near the dam this mineralization occurs only in the coarse-grained 
granite and is cut by the fine-grained granite dikes. It is, therefore, 
clearly pre-fine-grained granite in age. However, there was no evidence 
to indicate whether the ore solutions were genetically connected with 
the closing stages of the coarse granite or with the opening stages of the 
later fine-grained granite intrusion. 

Pardee (1918, p. 56-85) has described a similar mineralization from 
the Nespelem Mining District about 10 miles north of the dam site. It 
also occurred in northwest-trending shear zones as lode-like replacements 
of the coarse granite. In the Nespelem district, however, the ore-bearing 
solutions carried manganese and silver. For a number of years these 
deposits have been worked intermittently for silver. 

Pardee also found molybdenite and associated quartz, pyrite, fluorite, 
and chalcopyrite as a filling in northeast-trending fractures. He inter- 
preted this filling as a high-temperature prelude to the mineralization 
along the northwest-trending fissures although he was somewhat in doubt 
as to its age. During the present study similar quartz-pyrite-fluorite- 
molybdenite veins were found in the coarse-grained granite of the Grand 
Coulee Dam area. There was, however, no indication of their age or rela- 
tion with the other type of mineralization. 

Some time after the intrusion and fracturing of the fine-grained granite 
dikes another period of mineralization affected the foundation of the dam. 
Small amounts of quartz and pyrite formed paper-thin deposits in the 
joint systems of the fine granite and cut across the contact between the 
two granites as minor veins. 


Long after this pyritic mineralization, a renewal of regional stresses re- , 


fractured and intensified the old WNW and NNE lines. The zones of 
structural weakness previously existing in the coarse-grained granite 
were reformed and extended across the fine-grained granite dikes. Hy- 
drothermal solutions passed through these fracture systems and altered 
the granites. Without doubt these hydrothermal solutions ascended 
throughout a wide area, but the resulting alteration was confined largely 
to the zones in which structural conditions-were conducive to exception- 
ally rapid and long-continued passage of solutions. Consequently the 
alteration and softening in the foundation of the dam are confined chiefly 
to the narrow zones of structural weakness already described. In the 
wide intervening areas of normally fractured rock, faint bleaching along 
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joint surfaces and paper-thin deposits of chalcedonic quartz and carbo- 
nates are the only indications of alteration. 

The alteration and softening of the granite in the sheeted zones seldom 
affected more than the width of the sheeted zone itself and commonly 
only a fraction of its actual width. The maximum width of severely 
altered rock seldom exceeds a foot and is usually less than 3 or 4 inches. 
The severity of the alteration along the sheeted zones is evidently due 
largely to the overlapping of alteration in close-spaced joints. 

In the early stages of the alteration the mica and feldspar of the granite 
were replaced by aggregates of secondary chlorite, kaolin, epidote, and 
minor amounts of carbonate and quartz. Chloritization was the dominant 
process and is responsible for the greenish color typical of this stage. In 
the next stage of the alteration the earlier-formed secondary minerals 
were attacked, bleached, and completely converted into a mass of white 
kaolinitic material. The heated alkaline waters dissolved some of the 
primary quartz of the granite. In the closing stages of the hydrothermal 
action the joints were cemented by deposits of carbonate, kaolinitic ma- 
terial, and minor amounts of chalcedonic silica and zeolitic minerals. 

The basalt dike, mentioned in the discussion of the joint systems (see 
also Fig. 5), is visibly altered where cut by the WNW shear zone, and the 
joint system of the dike contains deposits of carbonate and zeolitic ma- 
terial. On the other hand, the lowest basalt flows visible in the vicinity of 
Grand Coulee Dam show no alteration attributable to the circulation of 
hydrothermal solutions of deep-seated origin. These facts indicate that 
the hydrothermal activity ceased early in the period of basaltic eruption. 

A genetic relation between the alteration of the granites and the alka- 
line hydrothermal activity which must have preceded and introduced the 
period of basaltic extrusion is indicated by (a) the character of the gran- 
ite alteration and accompanying mineralization and (b) the fact that 
secondary minerals resulting from this alteration were deposited in the 
joints of the basalt dike. 

DIKE ROCKS 

If classified by time of intrusion the dike rocks near Grand Coulee Dam 
may be divided into three main groups. The first group consists of (a) 
moderately schistose, dioritic dikes, sills, and irregular masses, (b) coarse- 
grained biotite-quartz-feldspar pegmatites, and (c) garnetiferous aplites. 
This group, which has already been discussed, is genetically associated 
with the deep-seated intrusion and differentiation of the coarse-grained 
granite. The second group consists of the fine-grained, porphyritic gran- 
ite which was intruded into the coarse-grained granite as vertical dikes. 

The third group of dike rocks, associated with a period of extrusive 
igneous activity and separated from the earlier intrusive igneous activity 
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by a long period of erosion, may be divided into two subgroups on the 
basis of composition: (1) andesitic, and (2) basaltic. According to the 
work of Pardee (1918, p. 43-46) in the Colville Indian Reservation, a 
short period of andesitic and rhyolitic flows (and dikes) preceded a much 
longer period of basaltic flows. They were separated by an erosion inter- 
val which was accompanied by slight warping. 

In addition to the basalt dikes a few dacite and hornblende-andesite 
dikes (but no extrusive equivalents) were found in the vicinity of Grand 
Coulee Dam. These are correlated with the andesitic and basaltic flows 
of the Colville Indian Reservation. The andesitic dikes show consider- 
able chloritization and carbonatization of a general propylitic nature. 
This alteration was due, no doubt, to the same hydrothermal activity 
which affected the granites. 


SUMMARY AND CONCLUSIONS 


The major results of the field and laboratory studies made in the vicin- 
ity of Grand Coulee Dam may be summarized briefly as follows: 

(1) The coarse-grained granite exposed in the foundation of the dam 
and southward in the floor of the Grand Coulee should be referred to as 
the Colville granite. It is physically and genetically a part of the Col- 
ville batholith which, according to Pardee, was intruded in the late 
Mesozoic. 

(2) The fine-grained, porphyritic granite dikes are a slightly less acid, 
resurgent phase of the Colville magma. They were intruded in two 
stages. These dikes and their correlatives in the Nespelem area were 
emplaced prior to the long erosion interval which separated the late 
Mesozoic Colville batholithic activity from the later Tertiary andesitic 
and basaltic extrusive vulcanism. 

(3) The strain apparent in thin sections of the coarse-grained granite 
and the few occurrences of gneissoid structure visible in the field in the 
coarse-grained granite are due in part to magmatic movements before 
complete consolidation and in part to mild dynamic metamorphism after 
consolidation. 

(4) The streaking in the fine-grained granite dikes is wholly the result 
of magmatic movement. 

(5) The zine-copper-lead mineralization of the coarse-grained granite 
is fundamentally similar to a mineralization in the nearby Nespelem 
Mining District, although no trace of silver has been found. 

(6) The granites of the foundation have been somewhat hydrother- 
mally altered. The altered rock is confined chiefly to narrow, vertically 
sheeted zones which are separated by wide areas of sound rock. These 
sheeted zones served as channels which concentrated the circulation of the 
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heated solutions and, therefore, the resulting alteration. The solutions 
were probably alkaline and without doubt represent hydrothermal activ- 
ity which preceded and accompanied the extrusion of the earliest plateau 
basalts. 

(7) Two major systems of essentially vertical fractures cut the rock 
floor. The system striking NNE shows a relative horizontal movement 
of the east side toward the south. The system striking WNW shows a 
relative movement of the north side eastward and upward. The displace- 
ment along these lines is only a few feet. 

(8) The vertical joint structures of the foundation rocks and their 
causal stresses are caused by regional tectonic movements. The suc- 
cessive steps of the dynamic history have involved the repeated occur- 
rence of similar stresses along similarly oriented lines. 
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ABSTRACT 


The Melchor (San Pedro) Ocampo region lies on the boundary of Coahuila and 
Zacatecas in the central part of a broad belt of eastward-trending folds characterized 
by strong asymmetry. In contrast to the region farther north, the Jurassic limestone 
is extensively developed and forms the highest parts of the mountain ranges; the 
Cretaceous rocks form the foothills. About 100 square miles adjacent to Melchor 
Ocampo was studied intensively as a foundation for reconnaissance studies in adjoin- 
ing areas. 

During the Upper Jurassic and Lower Cretaceous epochs the distribution of marine 
facies of deposition was controlled by erosion from the Coahuila Peninsula to the 
north. The seaward margins of the clastic facies and the limestone reef facies ap- 
proximately coincide with the southern side of the Sierras de Parras and Jimulco. 
Facies of Upper Cretaceous marine sedimentation were controlled by rising land 
—— in central Mexico, as shown by increasing thickness of clastics toward the 
south. 

Folding in northern Zacatecas involves both the Jurassic and the Cretaceous beds 
and apparently occurred at the same time as that farther north. The Jurassic forma- 
tions become progressively more elevated toward the south and in general are as 
intensely folded as the Lower Cretaceous formations of the Sierras de Parras and 
Jimulco in Coahuila. 

The greater height of the ranges bordering the site of the Coahuila Peninsula (e.g., 
Sierras de Parras, Jimulco, Rosario) than that of the ranges farther south, is ascribed 
(1) to the presence of the thick rudistid-bearing Aurora limestone, and (2) perhaps 
to less intense orogeny with consequent less effective erosion. 


INTRODUCTION 
The Melchor (San Pedro) Ocampo area in north-central Mexico on the 
boundary of Coahuila and Zacatecas was selected for study because of the 
extensive development of Upper Jurassic limestone which, in contrast to 
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the region to the north, comprises the central and highest parts of the 
mountain ranges. The Cretaceous rocks form the foothills. An area of 
about 100 square miles adjacent to the village of Melchor Ocampo was 
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Ficure 1—Index map of northern Mexico 
Hatched area covered in reconnaissance. Other blocked areas have been mapped. 


(1) Mountains bordering the valleys of Acatita (7) El Pozo-Boquillas area, 


and Las Delicias, (8) Sierra de la Pefia, 
(2) Mountains west of the Laguna District, (9) Middle part of Sierra de Parras, 
(3) Western part of the Sierra de Parras, (10) Sierra del Rosario, 
(4) Area northeast of Mapimi, (11) Sierra de Tlahualilo, 
(5) Sierra de Jimulco, (12) Melchor Ocampo Area. 


(6) San Carlos Mountains, 


studied intensively as a foundation for reconnaissance studies in con- 
tiguous areas of about 4000 square miles, between the Sierra de Parras 
on the north and Mazapil on the south. This large area was studied with 
particular regard to the distribution of the off-shore marine facies of the 
Jurassic and Cretaceous systems. The present paper gives the results of 
these studies and makes comparisons with the areas previously studied 
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in southern Coahuila and eastern Durango. It is a summary contribution 
to the geological studies in northern Mexico which were started by Pro- 
fessor Lewis B. Kellum in 1932. 
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EARLIER INVESTIGATIONS 


Most of the present knowledge of the geology of the mountains near 
Mazapil and Concepcion del Oro, Zacatecas, is due to the efforts of Carlos 
Burckhardt (1906a, b; 1930, p. 46-51). In the Sierra de Zuloaga the 
Upper Jurassic limestones were first recognized by Aguilera (1895, p. 19, 
20). In 1910 and 1921 members of the Geological Institute of Mexico 
made a study of the phosphate deposits of the Sierra Zuloaga, and part of 
the information obtained was published by Burckhardt (1930, p. 49-50, 
figs. 16, 19a, b). The sections of the Upper Jurassic marly beds, called 
La Caja formation in this report, were carefully measured by Burck- 
hardt along artificial trenches. Information concerning the hills near 
Symon and the low Sierra Ramirez is due to Bése (1923b; Burckhardt, 
1930, p. 55, p. 127, figs, 17, 18). A summary of these earlier works was 
made by Burckhardt in 1930. The area north and northwest of the Sierra 
Zuloaga and south of the Sierra de Parras has not been previously de- 
scribed. The writer has spent some time in the region of Mazapil, Zacate- 
cas, as well as at San Pedro del Gallo, Durango, and considers Burck- 
hardt’s field observations highly reliable. 


GEOGRAPHY 
TOPOGRAPHY AND DRAINAGE 


A belt of eastward-trending mountains and valleys constitutes the 
dominating topographic feature of southern Coahuila, northern Zacatecas, 
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and adjoining parts of Nuevo Leén and Durango (Fig. 3). The physical 
features of the northern part of the belt have been described in previous 
papers (Bése, 1923a; Kellum, 1932, 1936; Imlay, 1936, 1937a; Jones, 1938). 
The present paper deals only with the southern part. The general fea- 
tures of the entire belt are similar, but south of the Sierras de Parras and 
Jimulco the mountains are lower, and the valleys wider than in the 
northern part, although altitudes remain high owing to increasing eleva- 
tion of the Mexican Plateau toward the south. A bird’s-eye view of 
this southern area would show a central group of eastward-trending 
mountains, separated from the Sierra de Parras on the north by a con- 
tinuous plain of varying width, and bounded on the east and west by 
large northwestward-trending alluvial basins,——the Bolsones de Jalapa 
and Cedros—beyond which lie mountains that trend variously east- 
southeast to south-southeast. 

In comparing the ranges of northern Zacatecas with the Sierras de 
Parras and Jimulco in Coahuila, it may be especially noted that the de- 
velopment of pediments has reached a more advanced stage in Zacatecas, 
which might imply a longer time for erosion or a drier climate toward the 
south. However, neither possibility seems likely. Uplift and folding 
apparently occurred at about the same time over the entire area, and the 
climate today is more humid toward the south. The greater height of 
the ranges bordering the site of the Coahuila Peninsula (e.g., Sierras de 
Parras, Jimuleo, and Rosario) than of the more distant ranges on the 
south is ascribed primarily (1) to the presence of the thick rudistid- 
bearing Aurora limestone, and (2) perhaps to less intense orogeny with 
consequent less effective erosion. 


CULTURE 


Farming, on a minor scale, is carried on in all northern Zacatecas, in- 
cluding the higher mountain valleys. Stock-raising is confined prin- 
cipally to goats and burros. It is said that before the Mexican revolution 
cattle ranged in vast numbers, but today they are uncommon, although 
pasturage is available. Mining is the main occupation in the vicinities 
of Mazapil, Concepcién del Oro, Melchor Ocampo, and Trébol, in the 
mountains west of La Ventura, and in most of western Zacatecas. On 
the plains the principal occupations are the gathering of guayule for 
rubber, of candelilla for wax, and of istle for rope. Charcoal-making 
from mesquite is common on the plains of northwestern Zacatecas. In 
addition, various medicinal plants, growing in certain areas, constitute a 
minor source of income. A particularly choice variety of the plant used in 
making angostura bitters grows in abundance on Sierra Zuloaga. 
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SEDIMENTARY ROCKS 
GENERAL DISCUSSION 


The sedimentary rocks of northern Zacatecas and southern Coahuila are 
mainly of Upper Jurassic and Cretaceous age. In addition, red beds of 
Permo-Triassic age occur in the mountains west of La Ventura, and a few 
hundred feet of late Cenozoic deposits are found in the valleys. Upper 
Jurassic limestone crops out over wide areas and constitutes the main 
parts of all the mountain ranges. Lower Cretaceous strata occur mainly 
on the lower slopes of the mountains or as isolated erosional remnants 
on the plains. Upper Cretaceous strata have been found only in the 
broad, eastward-trending synclinal valleys south of the middle part of the 
Sierra de Parras but undoubtedly underlie the alluvium in some of the 
bolsons. The formations and their approximate thicknesses are as 
follows: 

Formations in northern Zacatecas, Mexico 


Quaternary: Feet 
Upper Cretaceous: 
Lower Cretaceous: 
Upper Jurassic: 


JURASSIC SYSTEM 


Zuloaga limestone.—The Zuloaga limestone (PI. 3, fig. 3; Pl. 1, fig. 2) is 
the off-shore equivalent of La Gloria formation and is distinguished from 
the latter by the absence of sandstone and shale. It is overlain by a 
series of thin-bedded limestone, marl, and shale of Upper Jurassic age, 
defined later in the paper as La Caja formation. Its base is not exposed 
near Melchor Ocampo, but about 40 miles to the southeast in the moun- 
tains west of La Ventura it overlies red beds. The type locality is desig- 
nated as the Sierra Sombreretillo north of Melchor Ocampo. 

The Zuloaga limestone is the main mountain-forming limestone south 
of the Sierras de Parras and Jimulco. In the belt of eastward-trending 
mountainous folds between Mazapil and the Sierra de Parras the forma- 
tion occupies the central and highest parts of the mountains. In the 
southward-trending folds west of La Ventura the formation comprises 
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STRATIGRAPHIC SECTIONS 


IN THE MEXICAN GEOSYNCLINE 
COAHUILA AND ZACATECAS, MEXICO 
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Ficure 2.—Stratigraphic sections in the Mexican geosyncline 
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almost the entire mountain mass. It constitutes the bulk of the Sierra 
Yeso and the eastern part of the Sierra Jimulco, as well as the ranges 
toward the south, whereas the Lower Cretaceous rocks in most places 
are reduced to low hills. 

The Zuloaga limestone is mainly thick-bedded. Beds as thick as 10 
feet have been observed, and beds from 3 to 5 feet thick are common. 
The dominant color is dark gray, but some beds in the middle and lower 
parts of the formation are medium to light gray. In most sections the 
upper 20 feet contains a few black chert nodules. Locally some beds con- 
tain poorly preserved bivalves or gastropods or corals. On Sierra Som- 
breretillo about 1800 feet is exposed. On the east slope of the mountain, 
6 miles southwest of La Ventura, the complete formation above the red 


beds is about 1200 feet thick. At this locality certain limestone beds 


in the lower 450 feet are pinkish gray. The underlying red beds, exposed 
along the axis of an anticline, are about 20 feet thick and consist of red 
shale, red sandstone, and conglomerate. The conglomerate consists of 
angular masses of red shale, red sandstone, and yellowish quartzite. The 
pieces of shale and sandstone range from small particles to more than a 
foot in diameter. Their size and poor rounding suggest slightly reworked 
mantle rock. 

The Zuloaga limestone is apt to be confused with the Lower Cretaceous 
limestones but is somewhat darker, generally contains more calcite vein- 
lets, and is thicker-bedded. 

The Zuloaga limestone is of Upper Jurassic age and probably belongs in 
the Oxfordian. It is correlated with La Gloria formation of the Sierra de 
Parras (Imlay, 1936, p. 1105). It was called “the Nerinea-bearing lime- 
stone” by Burckhardt (1930, p. 46). 


La Caja formation —La Caja formation (PI. 1, fig. 2; Pl. 3, fig. 3) con- 
sists mainly of thin-bedded limestones and marls and is the off-shore 
equivalent of La Casita formation, although its highest beds may be 
somewhat younger. Its contacts are sharply demarcated from the thick 
limestones of the underlying Zuloaga limestone and of the overlying 
Taraises formation. The type locality is designated as the Vereda del 
Quemado, on the Sierra de la Caja, north of Mazapil, Zacatecas (Burck- 
hardt, 1930, fig. 14). 

La Caja formation occurs in narrow strips around the outcrops of the 
Zuloaga limestone and is coextensive with the latter except at the western 
end of the Sierra de Atajo where it is replaced by the gypsiferous shales 
and sandstones of La Casita formation. La Caja formation weathers 
rapidly and exposures are poor except on the divides between canyons. 

Numerous sections in the Sierras de Santa Rosa, La Caja, Canutillo, 
and Zuloaga were measured and described by Burckhardt (1930, p. 47-54, 
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figs. 13-16, 19). Sections near Symon and in the Sierra Ramirez, Zaca- 
tecas, were measured by Bose and described by Burckhardt (1930, p. 55, 
58). The thickness ranges from 140 to 300 feet. 

The type section of La Caja formation on the Vereda del Quemado, 
Sierra de la Caja, was studied by Burckhardt (1906a, 1930). In 1936 
the writer rechecked the section and collected fossils from the various 
beds. Burckhardt’s description (1930, p. 52) of the section, from top to 
bottom, may be translated as follows: 


Unit Meters 


1. Limestones, marly and shaly, brownish and whitish, with inter- 
calated beds of black chert and gray limestone. Kossmaiia 
cf. richteri Oppel, Berriasella gr. of calisto d’Orbigny, Harpo- 


2. Marls and shales, brownish, and intercalated gray limestone... .. _3 
3. Bed of grayish, phosphoritic limestone with Cucullaea phospho- 

4. Limestones, phosphoritic, grayish, and intercalated with breccia- 

like limestone. Pseudolissoceras subrasile Burckhardt, large 

5. Marls and shales, brownish, with a bed of black limestone. Op- 

pelia mazapilensis 3 


6. Limestones, phosphoritic, reddish with black spots. Phylloceras 
apenninicum Canavari, Mazapilites zitteli Burckhardt, M. fissilo- 
batus Burckhardt, “Perisphinctes” aguilart Burckhardt, Cl. 
nikitine Michalski, Aspidoceras cyclotum in Steuer, A. fallax 
Burckhardt, A. phosphoriticum Burckhardt, A. cajense Burck- 
hardt, A. zacatecanum Burckhardt, Cucullaea, bivalves........ 1% 

. Shales, brownish, with one bed of limestone.................... 

. Limestone, black, with “Haploceras” fialar Oppel, Haploceras 
costatum Burckhardt, “Craspedites” mazapilensis Burckhardt, 
“C.” praecursor Burckhardt, Phylloceras aff. consanguineum 

9. Beds with Idoceras. Marls, shales, and marly limestone, brownish 
and yellowish, with nodules of fossiliferous, compact, black 
limestone. Contains Oppelia boesei Burckhardt, “Perisphinctes” 
aff. cyclodorsatus Moesch, Aspidoceras quemadense Burck- 
hardt, A. bispinosum Quenstadt, A. mazapilense Burckhardt, 
Idoceras cf. zacatecanum Burckhardt, I. cf. hospes Neumayr, 
I. laxevolutum Fontannes, J. cajense Burckhardt, J. inflatum 
Burckhardt, Aulacostephanus sp., Lytoceras sp................ 30+ 

10. Limestone, reddish and black, compact, with lustrous surfaces. 
Contains Trigonia aff. hudlestoni 

11. Marls and marly shales, gray and brownish. A few cm......... 


Cont 


Progressively upward in all sections of La Caja formation the deposits 
become finer and more calcareous. In adjoining areas the lithologie divi- 
sions appear similar, but Burckhardt (1930, p. 47-49) has shown that 
they cut across the paleontologic horizons and become younger toward 
the south. The highest unit of whitish shaly and marly limestones, con- 
taining Substeueroceras, is very distinctive lithologically because of the 
peculiar ashy appearance of many beds. This lithologic type occurs over 
wide areas, being noted in the Sierra Ramirez, the Sierrita del Chivo, the 
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Ficure 1. NorrHern Front oF Srerra Santa Rosa 
Valley of Mazapil in foreground. 


Ficure 2. East WALL or CAN6N SAN FRANCISCO 
Jzu, Zuloaga limestone; Jic, La Caja formation; Kt, Taraises formation; Kcu, Cupido limestone; Klp, 
La Pefia formation. 
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Ficure 1. PorpHyry—La PeNa Formation Fautt Contact 
Slightly south of crest of Sierra Zuloaga due south of Cafién San Francisco. Hammer indicates direc- 
tion of fault contact. La Pefia formation on right. 


Ficure 2. Cuesta pEL Cura LIMESTONE AND CHERT 
Vertically dipping beds on south flank of Zuloaga Anticline on trail south of Cafién San Francisco. 
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mountains near Melchor Ocampo and Mazapil, the mountains west of 
La Ventura, and even in the Sierra Madre Oriental of the State of 
Tamaulipas. Burckhardt (1930, p. 55-59, 74-75) has discussed in con- 
siderable detail the phosphatic limestones of upper Kimmeridgian and 
Portlandian age. He shows that from the Sierra Zuloaga southward the 
facies diminishes in thickness and appears at successively higher hori- 
zons. The facies diminishes rapidly toward the east in the vicinity of 
Concepcion del Oro, and on the west is practically absent in the Sierra 
de Ramirez. Burckhardt believes that the abundance of bivalves in the 
former and the richness of cephalopods in the latter indicate that the 
phosphatic facies was deposited in slightly shallower water than the 
adjacent nonphosphatic beds. He conjectures that the phosphatic beds 
were formed when there was a submarine ridge which appeared first in 
the north and then spread southward. This explanation accords with the 
facts observed in the Sierras de Parras, Atajo, and Jimulco. The gyp- 
siferous and carbonaceous beds in the Upper Jurassic of those areas imply 
lagoonal conditions and therefore some sort of barrier to the south. 

Fossils found by the writer at localities not previously described are 
here listed. In the Sierras Zuloaga and Sombreretillo, La Caja formation 
is not rich in fossils except in the horizon of Glochiceras fialar (Oppel). 
In other horizons the material is scarce and very poorly preserved. About 
2 miles south-southeast of Melchor Ocampo just south of the crest of 
Sierra Zuloaga, a collection made about 100 feet from the base of La Caja 
formation included Glochiceras fialar (Oppel), Haploceras zacatecanum 
Burckhardt, H. transatlanticum Burckhardt, H. aff. mexicanum Burck- 
hardt, and Involuticeras n. sp. ind. About 2 miles northwest of Melchor 
Ocampo on the east side of the head of Caiién Sombreretillo, a collection 
made 50 feet from the base of the formation includes the above-mentioned 
species and Haploceras costatum Burckhardt. At the top of the forma- 
tion at the same locality was found a specimen of Berriasella sp. Three 
miles northeast of Melchor Ocampo in Cafién del Escorpién, the highest 
unit of La Caja formation consists of whitish-gray, platy limestone about 
25 feet thick. In the highest beds were found several species of Parodon- 
toceras and Substeueroceras. The lower part of the unit contains black 
limestone concretions from which were obtained Proniceras subpronum 
Burckhardt, P. ef. torresense Burckhardt, and P. n. sp. 

On the east front of Sierra de la Ventura about 6 miles southwest of 
La Ventura, Coahuila, La Caja formation crops out extensively. About 
900 feet south of the Mina de San Francisco and 40 feet above the base 
of the formation were collected Idoceras tuttlei Burckhardt, J. ef. bal- 
derum Loriol, and Glochiceras fialar. A few feet higher in the section a 
limestone concretion yielded many specimens of Glochiceras fialar (Op- 


; 


1662 R. W. IMLAY—MEXICAN GEOSYNCLINE 


pel), Haploceras costatum Burckhardt, H. felexi Burckhardt, H. trans- 
atlanticum Burckhardt, H. zacatecanum Burckhardt, and H. mexicanum 
Burckhardt. About a mile south of Mina de San Francisco on the north- 
ern slope of an eastward-trending spur from the main range, the same 
horizon occurs about 40 feet above the base of the formation. Certain 
crumbly limestone concretions furnished a large collection of well-pre- 
served ammonites, including Glochiceras fialar (Oppel), many species of 
Haploceras, several perisphinctoid forms, and Subneumayria aff. ordo- 
Burckhardt. 


Correlation.—La Caja formation is of Upper Jurassic age and, on the 
basis of Burckhardt’s (1930, tables 4, 5, 6) work, belongs in the Tithonian, 
Portlandian, Kimmeridgian, and perhaps upper Oxfordian stages. 


CRETACEOUS SYSTEM 


Taraises formation.—The Taraises formation has recently been dis- 
cussed in detail by the writer (1938, p. 541-544). Only additional infor- 
mation will be added here. North of Melchor Ocampo in the Sierra 
Sombreretillo and on the divide east of the head of Cafién Sombreretillo, 
the section, measured from top to bottom, is as follows: 

Unit Feet 


1. Limestone, thin-bedded and marly, light gray; some beds pinkish gray; 
weathers light yellowish gray; some thin beds of black chert near base. 


Contains Olcostephanus sp., Bochianites ? sp., and Distoloceras ? sp..... 215 
2. Limestone, thick-bedded, light to medium gray..................000eee08 8 


Fossils can be found in the upper member of the Taraises formation 
wherever it is well exposed. About 2 miles from the east end of Sierra 
Zuloaga were found Olcostephanus raricostatus Bése and Olcostephanus 
sp. At the top of the west wall of Cafién San Francisco, about 4 miles 
southwest of Melchor Ocampo, the upper member yielded Olcostephanus 
symonensis Bése and Neocomites ? sp. 

The Taraises formation is of Lower Neocomian age, and in northern 
Zacatecas appears to represent the Berriasian, Valanginian, and lower 
Hauterivian stages. 


Cupido limestone.—The Cupido limestone in northern Zacatecas crops 
out widely along the lower slopes of the Sierras Santa Rosa, La Caja, 
Canutillo, Zuloaga, and Sombreretillo. It was not observed in the moun- 
tains west of La Ventura, or in the Sierras de Atajo and Yeso along the 
Coahuila-Zacatecas border. It occurs in the Sierrita del Chivo, northeast 
of Symon, Zacatecas. 

The Cupido limestone of northern Zacatecas differ from the same for- 
mation in the Sierra de Parras only in being somewhat thicker-bedded. 
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The section on the Sierra Sombreretillo north of Melchor Ocampo, meas- 
ured from top to bottom, is as follows: 


Unit Feet 
1. Limestone, thick- to medium-bedded, medium gray; some beds pinkish or 
yellowish gray; some beds contain yellowish brown chert nodules which 

3. Limestone, medium- to thin-bedded, light gray..................0.0e0ee- 362 


The section on the north slope of Sierra de Santa Rosa north of Puerto 
Blanco (Burckhardt, 1906a, geologic maps), from top to bottom, is as 
follows: 


Unit Feet 
1. Limestone, thick-bedded, light gray, contains nodules of reddish-gray chert 

which weathers reddish brown. Many beds 8 to 5 feet thick........... 525 

2. Limestone, medium- to thick-bedded, medium gray...................-. 506 

3. Limestone, medium- to thick-bedded, dark gray, weathers yellowish gray; 

contains pyrite concretions near base; many short lenses and nodules of 


No fossils have been found in the Cupido limestone, but it is probably 
of upper Hauterivian and Barremian age. In Zacatecas the youngest beds 
may be of lower Aptian age. 


La Pefia formation —La Pefia formation (PI. 2, fig. 1) crops out in the 
same ranges as the Cupido limestone and forms the topographic depres- 
sions. 

In northern Zacatecas, La Pefia formation ranges from about 250 to 
400 feet in thickness. At the top it consists of thin-bedded and platy 
limestone interbedded with thin lenses of black chert. This grades down- 
ward into somewhat thicker limestone interbedded with thick beds of 
black chert. The formation is easily distinguished from the Cuesta del 
Cura limestone by the absence of wavy bedding and the many platy beds. 

The section on Sierra Sombreretillo, at the head of Caién Sombreretillo, 
from top to bottom, is as follows: 

Unit 
1. Limestone, thin-bedded and platy, with shaly parting, yellowish gray; 


interbedded with many thin beds of black chert. Becomes thicker- 


2. Limestone, thin- to medium-bedded, yellowish gray, interbedded with 
lenses of black chert. Some limestone and chert beds as much as 8 inches 


Feet 


The section on the north flank of Sierra de Santa Rosa north of Puerto 
Blanco, from top to bottom, is as follows: 
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Unit Feet 

1. Limestone, thin-bedded and platy, with shaly partings; dark gray to black, 

weathers yellow to buff, interbedded with many thin lenses of black chert 50 

2. Limestone, thin- to medium-bedded, with many thick lenses of black chert. 

Some limestone beds as thick as 18 inches, and many chert bands as thick 
In most sections the thin-bedded limestones at the top of La Pefia 
formation contain fragments of poorly preserved ammonites similar to 
those figured by Burckhardt (1906c, p. 191-195, pls. 42, 43). Most of the 
ammonites probably belong to the genus Parahoplites and indicate an 
upper Aptian or lower Albian age. No fossils were found in the lower 
part of the formation which may possibly be younger than the lower part 

of La Pefia formation in the Sierra de Parras. 

Burckhardt’s studies (1925, p. 49-53) of the Rio Nazas in eastern 
Durango indicate that the marly beds below the middle Cretaceous lime- 
stone and chert represent both the upper Aptian and the basal Albian 
(Clansayes horizon). Kellum (1936, p. 1071) noted the same marly 
beds near Puerto Soldados and in the Puerto de San Isidro, near the 
southern end of the Sierra de Mapimi in eastern Durango. Along the 
northern front of the Sierra de Parras the marly beds below the Aurora 
limestone contain only upper Aptian fossils. Farther south in the Sierra 
de Parras the upper beds of La Pefia formation contain a fauna slightly 
different from that along the northern front, but apparently of upper 
Aptian age. Burckhardt (1906c, p. 197-198) studied similar beds near 
Mazapil and concluded (1925, p. 53; 1930, p. 134) they were of early 
Albian age. It seems likely that at many localities the highest marly 
and thin-bedded limestones of La Pefia formation may be of early 
Albian age. This point might be proved by a careful study of the fossil 
collections now available. 


Cuesta del Cura limestone —The Cuesta del Cura limestone was origi- 
nally noted (Imlay, 1936, p. 1125) in the Sierra de Parras. From there 
it extends southward at least as far as Mazapil. To the west it has been 
observed by the writer along the southern side of the Sierra Jimulco 
and in the Sierrita del Chivo northeast of Symén. Bése (1923b, p. 30) 
noted similar beds near Camacho, Zacatecas, and Burckhardt (1910, p. 
330-331) described similar beds in the Mesa del Cardenche southeast of 
San Pedro del Gallo, Durango. It has not been observed in the Sierras 
Hispafia or Mapimi in eastern Durango, or along the northern part of the 
Sierra Jimulco in Coahuila, or in the mountains west of La Ventura in 
southeastern Coahuila. It corresponds, at least in part, to the deep-water 
facies of the middle and upper Albian described by Bése and Cavins 
(1927, p. 64-65, 89-90, pl. 19) and Burckhardt (1930, p. 166-173). The 
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best section observed by the writer is on the south slope of Sierra Zuloaga 
south of Cafién San Francisco (PI. 2, fig. 2). 

In northern Zacatecas the Cuesta del Cura limestone consists of two 
members transitional into each other. The upper member is identical 
lithologically with the Cuesta del Cura limestone of the Sierra de Parras 
section—. e., it consists of thin-bedded limestones that are wavy-bedded, 
dark gray to brownish black, and contains many bands of black chert. 
The lower member consists of units of medium-bedded limestones (PI. 
2, fig. 2) becoming somewhat thicker-bedded toward the base and con- 
taining nodules and lenses of black chert, which alternate with units of 
thin-bedded limestones and chert like those in the upper member, with 
less wavy bedding. 

On the south flank of Sierra Sombreretillo, north of Melchor Ocampo, 
the section, from top to bottom, is as follows: 

Member Feet 


1. Limestone, thin-bedded, wavy-bedded dark gray to brownish black, con- 
tains many thin lenses and bands of black chert.....................-.. 580 

2. Limestone, medium- to thin-bedded, medium to dark gray. Units of 
medium-bedded limestone containing nodules and lenses of black chert 
alternate with units like member 1, but wavy-bedded. Lower 50 feet 
thicker-bedded than overlying beds....................cccceeeeeeeeees 250 


On the north flank of Sierra de Santa Rosa north of Puerto Blanco, the 
Cuesta del Cura limestone is about 1025 feet thick and is similar to 
the section just described. Most of the limestone beds are thin, but 
some, especially toward the base, are as much as 14 inches thick. 

The Cuesta del Cura formation has yielded no fossils but it lies be- 
tween La Pefia formation, which contains upper Aptian and perhaps 
basal Albian fossils, and the Indidura formation which presumably rep- 
resents the same time equivalent as in the Sierra de Parras. Therefore, 
the age of Cuesta del Cura limestone in northern Zacatecas is mainly 
Albian, although the highest beds may belong in the Cenomanian. It is 
considered equivalent to both the Cuesta del Cura limestone and the 
underlying Aurora limestone of the Sierra de Parras section. 


Indidura formation—The Indidura formation crops out along the 
margins of the eastward-trending synclinal valleys in northern Zacatecas 
between Melchor Ocampo and Mazapil. Sections are fairly well ex- 
posed on the divides between arroyos. 

The Indidura formation is sharply differentiated from the underlying 
Cuesta del Cura limestone at all localities. Its upper contact is placed 
at the base of the tuffs characterizing the Caracol formation. The com- 
plete section at the southern base of Sierra Sombreretillo, northwest of 
Melchor Ocampo, is 560 feet thick and consists of thin-bedded, platy, 
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and shaly limestones, which are light gray to yellowish gray and weather 
yellowish gray to gray. The section becomes a little more shaly toward 


the 


top. 


The complete section at the northern base of Sierra de Santa Rosa, 
southeast of Mazapil, from top to bottom, is as follows: 


Unit 


2. 


3. 


ye containing a few beds of buff limestone from 1 to 8 inches in 
Limestone, shaly, mostly brownish black, some pinkish, weathers light 
yellowish gray to buff; contains a few ‘beds of black limestone which 
Limestone, platy to thin-bedded, dark gray to brownish black, thinly 


Feet 


87 


171 


The Indidura formation of northern Zacatecas is lithologically almost 
indistinguishable from the Indidura formation of the Sierra de Parras 
section. It occupies the same stratigraphic position and is probably of the 
same age. 

Caracol formation—The Caracol formation occurs in the large east- 
ward-trending synclinal valleys from the middle part of the Sierra de 


Parras southward to Mazapil. 


It has not been observed in Zacatecas 


south of the Sierras Jimulco and Yeso and probably does not occur there. 
Its eastern and southern limits are not known. Excellent exposures of 
the complete section may be found northwest of Melchor Ocampo in the 
large valley between Sierra Sombreretillo and Sierra Zuloaga. 

The section northwest of Melchor Ocampo, from top to bottom, is as 
follows: 


Unit 
2. 


3. 


Shale, mainly; some interbedded tuff as in unit 2........................ 
Tuff, and some shale. Tuff gray, friable, fairly coarse-grained, weathers 
Shale, dark gray, predominant, but containing many thin beds of yellow- 
ish-brown tuff; some tuff beds as thick as 6 inches; several lenses of 
deep yellow limestone about 180 feet from ee eee 


. Shale and tuff interbedded in about equal amounts; tuff rather coarse- 


. Shale, dark gray and yellowish gray, but containing considerable yellowish- 


brown tult which weathers deep Ted... 


. Shale, dark gray and yellowish gray; contains many thin beds of yellowish- 


brown and brownish-black tuff which weather respectively brownish red 
and yellowish; some tuff beds as thick as 3 inches..................... 


7. Shale, dark gray; contains some beds of red and brownish-black tuff; a 


few thin lenses of deep yellow limestone in lower 70 feet.............. 


Examination of thin-sections of the tuffs from the above section re- 
vealed about the same composition as the tuffs of the Sierra de Parras 


section (Imlay, 1937a, p. 617-618). 


The groundmass consists of calcite 


4 
Ie : ; 4. Limestone, platy, and shale, dark-gray to brownish black, thinly laminated 233 
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and less abundant cryptocrystalline quartz in which are embedded 
sharply angular grains of quartz, feldspar, biotite, and muscovite. Many 
quartz grains show wavy extinction. The feldspar is probably oligoclase. 
There is some chlorite derived from biotite. Hematite, limonite, and 
organic matter are common, and their varying proportions determine the 
color of the rock. The size of the grains ranges from small to fairly large 
in the various specimens examined. 

The Caracol formation is exposed in the synclinal valley at Mazapil 
but is so highly folded that measurements are useless. Probably at least 
1500 feet of the formation occurs in the valley. Examination of thin- 
sections showed that the tuffs have about the same composition as those 
near Melchor Ocampo. 

The Caracol formation near Melchor Ocampo differs from the sections 
in the Sierra de Parras by being much thicker and containing a greater 
proportion of tuff. The shale is highly caleareous, mostly dark gray, but 
more abundant than the tuff. The contact with the Parras shale is 
drawn where beds of tuff become relatively scarce and inconspicuous, 
but there is no sharp line. In fact, unit 1 of the Melchor Ocampo section 
might almost as readily be placed in the Parras shale. 

The Caracol formation of northern Zacatecas is correlated with the 
upper part of the Indidura formation near Parras, Coahuila, and is prob- 
ably of Coniacian age. Its greater thickness toward the south is prob- 
ably due to its proximity to the source of the tuff rather than to longer 
time of deposition. 


Parras shale—The Parras shale crops out in the valley at Melchor 
Ocampo, around the west end of Sierra Jasminal, along the southwest 
side of Sierra Gerénimo, and an unknown distance along the southern 
side of the Sierra de Parras east of the national railroad. 

The Parras shale in northern Zacatecas is similar to that in the Parras 
Basin of Coahuila, although thin beds of tuff, or sandstone, are some- 
what more abundant. In the synclinal valley at Melchor Ocampo the 
formation is about 2000 feet thick, and the lower 600 feet contains thin 
beds of tuff grouped in zones at irregular intervals. The upper part of 
the formation consists almost entirely of shale, excellently exposed in 
the arroyos immediately west of Melchor Ocampo. 

In northern Zacatecas the Parras shale is the youngest Cretaceous 
formation exposed and probably represents only the lower part of the 
same formation in the Parras Basin. 


QUATERNARY SYSTEM 


Mayradn formation.—Limestone conglomerates and tufas of late Ceno- 
zoic age in the Sierra de Parras have been assigned by the writer (1936, 
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p. 1135; 1937a, p. 620) to the Mayran formation. Similar conglomerates, 
associated with ash beds, along the southern side of the Sierra Jimulco 
(Kellum, 1932, p. 551) and in the mountains of eastern Durango (Kellum, 
1936, p. 1073-1074) , have been assigned by Kellum to the late Cretaceous 
or Tertiary. The writer suspects that these various conglomerate de- 
posits were formed during the same humid cycle of erosion and that their 
locally steep dips are probably due in part to deposition on steep slopes. 

The conglomerates along the south side of the Sierra Jimulco were 
restudied by the writer in the vicinity of Ahuichila at the southeast corner 
of the Sierra Jimulco. At this place (Kellum, 19382, fig. 10), the con- 
glomerates are about 800 feet thick, form a cliff nearly as high, and rest 
unconformably (PI. 6, figs. 2, 3) on ash beds about 100 feet thick. Most 
of the pebbles consist of limestone, but some consist of sandstone, chert, 
or voleanic rock. With the exception of the latter, all the rock types are 
found in the marine formations of the Sierra Jimulco to the north or of 
the Sierra Ramirez to the south. The average size of the pebbles is one 
to two inches, but some are as large as boulders (PI. 6, fig. 1). Most of 
them are rather angular; others show a little rounding. Their inter- 
stices are filled with calcite and sand grains. 

Between the cliffs and the Sierra Jimulco proper, about a mile to the 
north, the conglomerates form a shallow syncline. Traverses by the 
writer west and east of Cafién Ahuichila have shown that along the 
southern flank of Sierras Jimulco and Yeso the conglomerates rest un- 
conformably, but nearly horizontally in most places, on the sandstones 
and limestones of the strongly folded La Gloria formation. Kellum (1932, 
p. 552) found the conglomerates extending along the southern side of 
the Sierra Jimulco for 25 miles. He also noted their occurrence in valleys 
in other parts of the range where they are associated with an underlying 
“shale” and ash series and apparently folded with the underlying forma- 
tions. However, the conditions at Ahuichila show that folding of the 
conglomerates is minor compared with the folding of the Jurassic-Creta- 
ceous formations and that local steep dips are due to initial slope of 
deposition. Possibly the apparent slight folding of the conglomerates is 
due in part to deposition on slopes. Whatever folding exists must have 
occurred during the latest stage of orogeny and presumably much later 
than the end of the Cretaceous. That the conglomerates have not under- 
gone a period of strong deformation is shown by the character of the ash 
beds at Ahuichila. 

At Ahuichila the ash beds are nearly horizontal. . Their upper limit 
is irregular and bears a thin layer of carbonaceous material containing 
impressions and fragments of plant stems. Their lower limit was not 
observed but presumably is unconformable, as the underlying marine beds 
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Ficure 1. La Casira FormMATION 
At Cuchillo del Calvario, northwest end of Sierra de Atajo. Taraises formation caps hill at right. 


Ficure 2. SourH WALL oF CAN6N ALAMO 
South of Viesca. Jig, La Gloria formation; Jle, La Casita formation; Kt, Taraises formation; La 
Pefia formation on right of canyon; center of canyon eroded in Las Vigas shale and shaly limestone. 
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Ficure 1. CONGLOMERATES AT AHUICHILA Figure 2. CONGLOMERATE—ASH CONTACT AT 
Some particles as large as boulders. AHUICHILA 
Beds nearly horizontal. Contact very irregular. 


Ficure 3. CONGLOMERATE CLIFFS NEAR AHUICHILA 
View northwest from Rancho de los Indios. 
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are strongly folded. The ash deposits are stratified and consolidated, 
but not strongly indurated. Certain layers are not sufficiently compacted 
for the making of thin-sections. Some layers consist of fine particles 
and resemble shale; others consist of coarse material and resemble a 
coarse grained sandstone. Some of the latter contain tiny pebbles of 
limestone and chert. The color ranges from white, through shades of 
gray, and grayish brown, to green. Gray shades predominate toward the 
top of the deposits, green shades toward the base. In the upper fourth of 
the ash beds fibrous white gypsum occurs as thin layers lying mainly 
parallel to the bedding, but also in part along vertical joints. At the base 
of the ash emerges a large spring of alkaline water. 

Specimens of the volcanic ash were examined in thin-section. A speci- 
men of light-green shaly ash from the lower part of the deposit shows all 
the characteristics of an ash. The groundmass consists of colorless to 
brownish glass. Quartz and feldspar occur as small sharply angular 
splinters. There is some chlorite derived from biotite, a little limonite, 
and a few minute grains of zircon. The most conspicuous mineral, how- 
ever, is glauconite,t which is abundant as greenish to brownish-green 
masses and as rounded bodies with a radiating structure. Some of the 
latter have a brownish core and a greenish border; others are green 
throughout. In addition to the above-mentioned minerals there is much 
interstitial calcite. 

The presence of glauconite in the ash deposits is interesting as it is 
one of the first undoubted occurrences of the mineral in nonmarine sedi- 
ments. The origin of glauconite as an alteration product of biotite in 
marine sediments has recently been discussed by Galliher (1935), who 
points out that the controlling factors of formation are an alkaline solu- 
tion and conditions of oxidation. These factors seem to exist in the ash 
deposits at Ahuichila. The spring issuing from the foot of the ash de- 
posit is decidedly alkaline. The absence of organic matter in the ash, 
except on its upper surface, and its porous character would suggest oxi- 
dizing rather than reducing conditions. That the alkaline waters come 
from the ash beds rather than from the overlying limestone conglomerates 
is indicated by the presence of considerable gypsum in the upper part of 
the ash deposits and by its absence in the lower part. The presence of 
gypsum suggests that the waters percolating downward through the con- 
glomerates are neutral. The sulphur of the gypsum might have been de- 
rived from pyrite which occurs in the Jurassic and Cretaceous lime- 
stones as concretions and as vein material. The gypsum held in neutral 
solution would be deposited if the solution became alkaline, as seems to 
have occurred in the upper part of the ash beds. The increasing propor- 


1Identified by Professor Walter F. Hunt. 
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tion of glauconite toward the base of the ash beds suggests that the factors 
favoring its formation become more dominant downward—i. e., the 
ground waters probably become more alkaline. 

A specimen resembling gray sandstone and containing a few small 
pebbles was examined under the microscope and shows the characteris- 
tics of volcanic ash except for the absence of a glassy groundmass. Quartz 
and feldspar occur as sharply angular fragments. Biotite is fairly com- 
mon and is partly altered to chlorite. Green hornblende is uncommon. 
Magnetite, hematite, and grains of zircon are present. There is consid- 
erable calcite in which one “radiolarian-like” body was noticed. The 
pebbles consist of limestone and chert, and there are some grains of the 
same materials. The rock is interpreted as a slightly reworked ash in 
which pebbles and grains from the nearby mountains have been incor- 
porated. 

The softness of the ash beds, the presence of glassy material, and the 
appearance of the quartz grains in thin-section show that the ash beds 
in the Sierra de Jimulco have not been subjected to a period of intense 
orogeny, as have the Mesozoic formations outcropping in the same range. 
Rather, their condition suggests relatively late formation in the Ceno- 
zoic era. Their age must be about that of the conglomerates which 
overlie them, as they would soon have been washed away unless cov- 
ered with a protecting cap. In fact, in the Sierras de Hispafia and 
Mapimi, Kellum (1936, p. 1073-1074) found similar conglomerates in- 
terbedded with voleanic ash. Some of the ash may have been deposited 
in small lakes, but much of it was probably deposited subaerially, as 
extensive lakes probably would not exist on the upper parts of pediments. 
Showers of the ash must have occurred at sufficiently short intervals to 
prevent vegetation from taking a foothold. At times, rain waters re- 
worked the ash somewhat and washed in foreign particles. 

The writer has not studied the ash beds in the Sierras de Hispafia and 
Mapimi, but Kellum (1936, p. 1072-1074, pl. 10) observed that they dip 
steeply away from the overthrust front of the Sierra de Hispafia. He 
concluded that they had been subjected to one period of folding. These 
ash beds may be of different age from those in the Sierra de Jimulco, or 
they may have been affected by a local uplift. These possibilities seem 
unlikely to the writer, but the solution of the problem depends on more 
field studies. 


IGNEOUS AND METAMORPHIC ROCKS 


In southern Zacatecas, igneous rocks are common in limited areas, 
In the vicinities of Mazapil and Concepcién del Oro occur many igneous 
bodies which were studied by Rosenbusch (Burckhardt, 1906b, p. 23-28). 
Igneous rocks of several types are common on Las Coapas upland, and 
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several porphyry sills occur in the Sierra Ramirez, but these have not 
been studied. Attention will be confined here to the igneous and the 
metamorphosed sedimentary rocks in the vicinity of Melchor Ocampo. 
Near Melchor Ocampo are two areas of igneous intrusion (Pl. 7). The 
less important area lies south of the city in the Sierra Zuloaga along the 
highest part of the Zuloaga anticline. Small, nearly vertical porphyry 
sills occur from Cafién San Francisco eastward for 2 miles. The best 
exposures are in Cafién San Francisco. Along the ridge east of the canyon 
igneous rocks have been found in several mines. The intrusions occur 
in the thin-bedded or incompetent formations—.. e., La Caja, upper mem- 
ber of Taraises, and La Pefia formations. Along Cafién San Francisco 
the sills are distinctly offset by a cross-fault. The porphyry is rotten 
at all surface exposures, but a specimen from the San José Mine (No. 7 
shaft) was fresh enough to be identified as a felsite. The thin-bedded 
limestones and marls adjacent to the porphyry have been considerably 
altered and are cut by many rather highly mineralized veins, especially 
in the vicinity of the north-south fault zone where brecciation is common. 
The most important area of igneous intrusion lies north and northeast 
of Melchor Ocampo from Cerro Voladero northward to the base of Sierra 
Sombreretillo. It comprises about 5 square miles and is confined to the 
outcrops of the Caracol and Indidura formations on the north flank of 
the Melchor Ocampo syncline. The intrusions occur as vertical, or 
nearly vertical, thin sills whose positions are commonly marked by zones 
of indurated metamorphosed sediments (Pl. 3, figs. 1, 2) that form 
ridges. In the central part of the area of intrusion, sills are so common 
that the outcrop of the Caracol formation is nearly twice its normal 
width. Only the larger sills are indicated on the accompanying geologic 
map, as the inclusion of many small sills would obscure the general pic- 
ture; however, the positions of most of the small sills are denoted by the 
zones of metamorphosed sediments. The igneous rocks are of at least 
two kinds. Andesite porphyry forms the sills at the eastern end of Cerro 
Voladero, part of Cerro del Oro, and the small body half a mile west- 
southwest of Cerro del Oro. A light colored porphyry, probably a felsite, 
is equally as common and crops out extensively throughout the area. These 
sills probably mark the position of a fairly large igneous body at depth, 
as the Sombreretillo Anticline to the north curves around the intruded 
area, suggesting that the latter acted as a relatively stable mass. The 
curvature of the anticline around the north side of the intrusive area 
might suggest that outward pressures were generated from the intrusion, 
but, on the contrary, the anticline is strongly overturned toward the 
south, which implies that the intrusive mass acted merely as a buttress. 
Intrusion probably occurred toward the end of folding, but before the 
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final overfolding. This is shown in the area south of Melchor Ocampo 
where the cross-fault along Cafién San Francisco offsets the porphyry 
sills (Pl. 2, fig. 1). The cross-fault was probably formed during the 
final overfolding. 

The calcareous tuffs and shales adjacent to the sills have been altered 
considerably, and, in addition, zones several hundred feet thick have been 
more or less strongly metamorphosed by hot solutions or even by in- 
jection of thin sheets of magma along the bedding planes. The resulting 
rocks are much lighter in color and harder than the original rocks. Some 
resemble limestones, others appear to be igneous, and the general term 
“contact rock” is perhaps appropriate. 


STRUCTURAL UNITS IN NORTHERN ZACATECAS AND SOUTHERN 
COAHUILA 


GENERAL FEATURES 


A, broad belt of major asymmetrical folds extends eastward across 
southern Coahuila and northern Zacatecas (Fig. 3). Toward the west 
in southwestern Coahuila and eastern Durango the structural trend 
changes to the northwest, and toward the east in Nuevo Ledn, south- 
eastern Coahuila, and eastern Zacatecas, it changes to the southeast 
parallel to the folds of the Sierra Madre Oriental. The turning of the 
tectonic strike on the east may be defined by a line drawn about S 45° 
W from Monterrey. The greatest length of the east-west folded belt is 
more than 250 miles (Kellum, Imlay, Kane, 1936, p. 995-996) measured 
in an east-west direction through southern Coahuila, but in northern 
Zacatecas the belt is much less extensive. The greatest width of the belt 
of east-west folding lies on a north-south line drawn through Mazapil. 
Westward and eastward from this line in Zacatecas, northward-trending 
folds become more common. The appearance of many folds trending at 
an angle to the east-west major trend possibly indicate a return toward 
the south of the normal northwest trend of the Rocky Mountain Cordil- 
lera. Most of the structural units of southern Coahuila have been de- 
scribed in previous papers (Kellum, 1932, 1936, Imlay, 1936, 1937a), and 
the present paper will deal only with those south of the Sierras de Parras 


and Jimulco. 
FOLDS 


Atajo Anticline——The Atajo anticline is represented topographically 
by the Sierra de Atajo which lies due south of Parras about 20 miles and 
by the southern mountainous ridge of the Sierra del Capadero (Imlay, 
1936, p. 1100). Its axis trends east-southeast at least 35 miles and is 
probably continued toward the east in the Sierra Gerénimo. At its west 
end the anticline is strongly overturned toward the north, but farther east 
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becomes less overturned and lower. An excellent section of the anticline 
is exposed northeast of Rancho Manchuria where the west end of the 
Sierra de Atajo ends abruptly at the plain of the Laguna de Viesca. 
Directly east of Rancho Manchuria extends the synclinal valley of Cafién 
del Mimbre in which are exposed reddish gypsiferous sandstones and 
shales of La Casita formation. North of the canyon the rugged Sierra de 
Atajo is composed of Zuloaga limestone which is folded strongly toward 
the north. Then, along the front of the range, follows a recumbent syn- 
cline containing La Casita formation and the Taraises formation, both 
excellently exposed at the northwest end of the range which is called the 
Cuchillo del Calvario (PI. 5, fig. 1) and is about 4 miles north of Rancho 
Manchuria. These formations plunge north at the base of the range, 
thereby forming an anticline which is probably the continuation of the 
Capadero Anticline (Imlay, 1936, p. 1143) to the west. 


Yeso Anticline——The Yeso Anticline begins in the southern part of the 
Sierra Jimulco south of the Praderones Anticline (Kellum, 1932, p. 560) 
and extends eastward from Cafién Ahuichila for about 50 miles as a 
major fold parallel to the Atajo Anticline. It is represented topographi- 
cally by Sierra del Mimbre (Gaban) for about 15 miles, then by a low 
mountain directly north of Trébol. In the vicinity of Rancho Man- 
churia the fold is several miles broad but contains several minor folds, 
and the north flank is overturned. The Sierras de Yeso and Mimbre are 
composed mainly of Upper Jurassic limestone, but northeast of Trébol 
exposures of Lower and Upper Cretaceous rocks occur around the plung- 
ing nose of the anticline. East of the Bolsén de Jalapa the same line of 
folding may be represented by the Sierra de Jasminal where the over- 
folding is toward the north. 


Sombreretillo Anticline—The Sombreretillo Anticline, directly north 
of Melchor Ocampo, is represented topographically by the Sierras Som- 
breretillo and Trébol. In these mountains the fold is broad, strongly over- 
turned toward the south, and closes toward the west. Its trend is slightly 
south of east but is marked by a flexuous curve in the area northeast of 
Melchor Ocampo. This curve seems to reflect the presence of the igneous 
body to the south. Toward the west a remnant of the south limb of the 
anticline is represented by the Sierra Trébol. Toward the east the anti- 
cline may be continued across the Bolsén de Jalapa, east of the Zacatecas- 
Coahuila railroad, in the Sierra de la Ventura which parallels the eastern 
end of the Sierra Jasminal for about 6 miles and then swings to the south- 
east for many miles. In the area southwest of La Ventura, Coahuila, 
the range is broad and high and bears at least three lines of folding which 
trend from northwest to southeast. 
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Zuloaga Anticline—The Sierra Zuloaga is the topographic reflection of 
a fairly large anticline which trends sinuously in an east-west direction 
and is more or less strongly overturned toward the south. The anticline 
is highest in the region south of Melchor Ocampo and from there closes 
gradually toward the east and the west. The highest part of the structure 
is marked by small igneous intrusions, especially at the head of Cafién 
Cajon and in Cafién San Francisco, and by a zone of high-angle thrust 
faulting along the northern base of the mountain. Along the zone of 
faulting, La Pefia, Cuesta del Cura, and basal Indidura formations are 
extremely contorted, broken, and mashed, and are greatly reduced in 
thickness. Near the mouth of Cafién Cajén the competent Cupido lime- 
stone lies nearly horizontal on vertical beds of the upper part of the 
Cuesta del Cura formation, showing that most of the Cuesta del Cura 
and La Pefia formations have been faulted out. South of the fault the 
Cupido limestone locally forms a small gentle anticline on the north flank 
of the major anticline. 


Canutillo, La Caja, and Santa Rosa Anticlines——Three short eastward- 
trending mountains south of the Sierra Zuloaga, representing local folds, 
have been adequately described by Burckhardt (1906a, b). These folds 
terminate on the west and east in broad northwestward-trending synclines 
which are bounded by northwestward-trending folds. 


Los Alamos Anticline—Several miles south of Ahuichila a series of low 
hills—Sierra de los Alamos—composed of Upper Jurassic limestone 
parallel the eastern end of Sierras Jimulco and Yeso and gradually be- 
come higher toward the east. These hills mark an eastward-trending 
anticlinal fold which passes east-southeast through the Sierra Iglesias, a 
few miles southwest of Puerto Yeso, then swings southeast along the 
mountainous (Sierra San Miguel) eastern edge of Las Coapas upland, and 
plunges into the plain about 10 miles southwest of Cedros, which is at the 
western end of Sierra de la Caja. A few miles to the southeast rise some 
low ridges which trend southeast and pass into a large eastward-trending 
fold in the Sierra de San José. The anticline, where observed, is some- 
what overturned toward the north or northeast. 


Ramirez Anticline —The Sierra Ramirez marks the position of a broad 
fold which is overturned toward the north and trends eastward for at 
least 35 miles parallel to Los Alamos Anticline. The Ramirez Anticline 
probably continues west of the National Railroad but was not traced. 
It is probably continued toward the southeast by a fold along the moun- 
tainous western edge of Las Coapas upland just east of Pisolaya. 
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FAULTS 


Faulting becomes more common southward from the Sierras de Parras 
and Jimulco but is still much subordinate to folding. In the low ranges 
immediately south of the Sierra de Parras and in western Zacatecas, 
faults are difficult to trace because of the widespread alluvium and the 
advanced stage of erosion. However, minor faults with displacements of 
a few feet are common, and it seems safe to infer that some of the alluvi- 
ated valleys trending at wide angles to the ranges were developed along 
major fault zones. For example, Puerto Yeso, south of Rancho Man- 
churia, and the western edge of Sierra de Atajo probably mark the posi- 
tion of a fault zone. 

The most highly faulted area in the belt of east-west folding is that of 
Mazapil and Concepcién del Oro, studied by Burckhardt (1906a, b). 
has mapped some high-angle thrust faults and many short cross-faults. 
Many of the faults appear to be related to nearby intrusive bodies. Along 
the northern side of the Sierra Canutillo, Burckhardt (1930, fig. 11) found 
a high-angle thrust fault. In the Sierra Zuloaga, the writer found two 
significant faults. The northern front of the range north of the highest 
part of the Zuloaga Anticline is marked by a zone of high-angle thrust 
faulting about 4 miles long involving mainly the contact beds of the 
Lower and Upper Cretaceous. A cross-fault with a displacement of about 
60 feet was traced from the head of Cafién San Francisco across the 
southern slope of Sierra Zuloaga. It distinctly offsets some porphyry sills 
(Pl. 2, fig. 1) and therefore is younger than their intrusion. Its course is 
marked by topographic depressions. 


MINERAL DEPOSITS 


The mines and minerals of the Melchor Ocampo area have been briefly 
studied by Richard T. Liddicoat, Jr., who has kindly contributed the fol- 
lowing note and chart. 


“Melchor Ocampo is an interesting mining locality, both for its colorful history and 
for its present mineral wealth. The earliest mining is said to date back to the 
Spanish conquest of Mexico in the sixteenth century, making it one of the first mining 
operations in North America. Several buildings still stand as monuments to the 
Spaniards who constructed them over three centuries ago. The mines have been 
alternately exploited and abandoned during most of their history, the latest revival 
being only five years old. As in numerous ancient mining districts, many of the 
people believe that the earliest workings were fabulously rich and, having been lost, 
will be rediscovered some day. 

“The principal production is silver and gold, but lead is very important and zinc 
occurs in such quantities as to be undesirable in smelting. The manganese and iron 
content is relatively high. Most of the collecting was done from dumps of mines that 
ad not penetrated through the oxidized zone, but the San José and several other 
smaller mines did yield some sulphide zone material. The scope of the work was not 
nearly complete, but gives some idea of the minerals present. At present the ores 
of the district are argentiferous galena, chalcocite, and sphalerite, with some free gold. 
The gangue material consists mainly of carbonates, but includes some quartz and 
gypsum. The majority of the minerals are carbonates, oxides, sulphates, and sili- 
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cates, but a few sulphides were collected at mines that had reached the sulphide zone. 
Near the San José mine occur several small dikes, and a fault cuts through the mine 
producing a zone of brecciation which has been well mineralized. The region in 
general was probably mineralized by solutions ascending from the igneous bodies near 
Melchor Ocampo.” 


TaBLe 2—Minerals of the Melchor Ocampo area 


Mines 
Minerals 

1 2 3 4 5 6 y § 8 


1. San José mine, near head of Cafién San Francisco, about 2 miles southwest of Melchor Ocampo, 
in lower part of upper member of the Taraises formation. 

2. San Francisco mine, about 400 feet south of San José mine in basal Cupido limestone. 

3. Cajén mine, head of Cafién Cajén south of Melchor Ocampo, in Taraises formation and Zuloaga 
limestone. 

4. Voladero mine, south of crest of Sierra Zuloaga south of Cafiédn Cajén and in the Zuloaga lime- 
stone. 

5. Vomitivo mine, about 900 feet east of Voladero mine at contact of Zuloaga limestone and La Caja 
formation. 

6. Candelaria mine, south of crest of Sierra Zuloaga about half a mile east of Vomitivo mine at 
contact of Zuloaga limestone and La Caja formation. 

7. Mine on mountain top 2 miles south-southeast of Melchor Ocampo in Zuloaga limestone. 

8. Perla de San Pedro mine, about 1% miles northeast of Melchor Ocampo in Caracol formation. 


COMPARISON OF FACIES IN MEXICAN GEOSYNCLINE 
UPPER JURASSIC 
La Gloria formation and Zuloaga limestone—La Gloria formation was 
originally defined from the Sierra de Parras section to include “the com- 
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pact limestones and sandstones of Upper Jurassic age, lying beneath La 
Casita formation and constituting the oldest rocks exposed” (Imlay, 
1936, p. 1105). At the type locality the formation consists mainly of 
thick- to medium-bedded limestone but is characterized by sandstone and 
minor amounts of conglomerate. La Gloria formation is now more ex- 
actly defined to include only those near-shore deposits which contain 
coarse clastic materials, although limestone may be the predominating 
material. The sands of the formation were deposited in lenses fringing 
the Coahuila Peninsula and interfingered seaward with lime muds. The 
off-shore, nearly pure limestone equivalent of La Gloria formation is 
defined in this report as the Zuloaga limestone. Outside the area of the 
Sierra de Parras, La Gloria formation includes the lower 600 meters of 
limestone and quartzite in Cerro de Volean near San Pedro del Gallo 
(Burckhardt, 1912, p. 203), units D and E of the section near Villa Juarez, 
Durango (Kellum, 1936, p. 1065-1067), and a thick section in the Sierra 
de Jimulco. 

In the Sierra de Jimulco, La Gloria formation crops out widely along 
the Praderones Anticline and the east end of the Viesca Anticline east of 
Las Boquillas. Excellent exposures occur along Cafién Ahuichila and 
along the south side of the Sierras Jimulco and Yeso near Ahuichila. 

A structure section (PI. 4, figs. 1, 2) drawn northward from the south 
wall of Cafién de la Vibora, about 5 miles south of Viesca, shows a succes- 
sion of three valleys and mountains and a syncline and an anticline. The 
bottom of Cafién de la Vibora is worn along La Casita formation. Its 
south wall is composed of La Gloria limestones on the north flank of the 
Praderones Anticline. Its north wall rises into a narrow synclinal moun- 
tain capped with at least 1,000 feet of Aurora limestone and exposing 
on the lower slopes La Pefia, Las Vigas, and Taraises formations. Cafién 
de San Pedro, which follows to the north, is developed along La Casita 
formation. North of this canyon is an unnamed mountain consisting 
mainly of La Gloria formation and marking the axis of the Viesca Anti- 
cline. Along the northern base of the mountain is exposed an excellent 
section of La Gloria, La Casita, and the Taraises formations. The bottom 
of Cafién Alamo is eroded in the soft beds of Las Vigas formation. The 
mountain to the north represents the overturned flank of the Viesca Anti- 
cline and consists of Lower Cretaceous formations. 

Sections of La Gloria formation were measured on the mountain be- 
tween Cafiones Alamo and San Pedro. The upper part of the formation, 
consisting of interbedded sandstones and limestones, was measured on 
the north slope of the mountain south of Puerto Santiago. From top to 
bottom it is as follows: 
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1. Sandstone, thick-bedded, yellowish gray; directly underlies La Casita 

3. Sandstone, medium-bedded, compact, yellow..................0000000: 26 
4. Shale, sandy, pinkish to dark gray, some thin beds of yellowish sandstone 

6. Limestone, medium-bedded, medium gray......................5.-0. 46 
7. Sandstone, brown, gray, and yellowish gray, some layers conglomeratic. . 47 
8. Limestone, medium- to thin-bedded, dark gray; thicker beds contain 


black chert nodules; thinner beds nodular, and contain fragments of 


9. Sandstone, medium-bedded, yellowish gray, weathers brownish gray... . 5 
10. ew gray, medium-bedded at top but becoming thin-bedded at 
14. Sandstone, thin-bedded, medium-grained, brownish gray, contains frag- 
15. Limestone, shaly, light gray. Top of thick-bedded limestone forming 


The sandstones of the above section are similar in composition to the 
sandstones of La Gloria formation of the Sierra de Parras (Imlay, 1936, 
p. 1108-1109) and were undoubtedly derived from the same landmass. A 
thin-section of sandstones from unit 14 consists of subangular to well- 
rounded grains of quartz, microcline, plagioclase, and chert cemented 
with calcite. Feldspar and chert grains are uncommon. The quartz con- 
tains some apatite. A specimen of sandstone from unit 9 is very similar 
in composition but contains a little organic matter, some of the calcite 
occurs as concentric bodies (Golites?), and many quartz grains show un- 
dulatory extinction. 

In a thin-section of yellow sandstone from unit 7, the grains are mostly 
quartz and feldspar, but a few are chert. They are subangular to well 
rounded and have an interlocking texture. The feldspar consists of 
microcline and plagioclase. Most of the quartz grains show undulatory 
extinction. There is some interstitial calcite. Minor constituents include 
limonite, organic matter, ilmenite, leucoxene, zircon, rutile, and tour- 
maline. 

The lower part of La Gloria formation measured across the southern 
half of the mountain between Cafiones Alamo and San Pedro, starting at 
the base of the sandstones, from top to bottom, is as follows: 


Unit Feet 
2. Limestone, thick-bedded, medium to light gray........................ 152 
3. Limestone, thin-bedded, nodular, contains nodules of dark gray chert. ... 38 


4. Limestone, thick-bedded, medium gray, contains many small nodules of 
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Unit Feet 

5. Limestone, medium-bedded, alternating with nodular, thin-bedded, dark 
gray. Some dark gray chert nodules in the thicker beds.............. 

6. Shale, calcareous, fissile, red to grayish 20 

7. Limestone, nodular, marly, gray, traces of shells........................ 10 
8. Limestone, thick-bedded, medium gray, many small nodules of dark gray 

9. Limestone, medium- to thin-bedded, gray..................0cecceeeees 66 

10. Limestone, thick- to medium-bedded, dark to medium gray............ 538 


In the mountains west of the Laguna District, near Villa Judrez, a 
section of Upper Jurassic rocks was studied by Kellum (1936, p. 1063- 
1069) and included in his Torcer-Las Vigas series. The lower part of this 
series, comprising units D and E, are now assigned to La Gloria formation 
on the basis of stratigraphic position and lithologic similarity. The 
stratigraphic evidence consists, in part, of fossils of late Jurassic or early 
Cretaceous age in the upper part of unit B, which will be discussed under 
the next heading. Their presence clearly shows that the underlying beds 
are of Jurassic age. Unit C is not considered part of La Gloria forma- 
tion for reasons to be discussed later. Unit D is probably of Oxfordian 
age as indicated by some large ammonites collected 580 feet above the 
base of the unit (Kellum, 1936, p. 1066). Collection A-16 contains frag- 
mentary specimens which are provisionally referred to Pseudopeltoceras 
(U. M. 19401), Subgrossouvria (U. M. 15948, 19308), and Indosphinctes 
(U. M. 15960, 19306, 19309, 15961, 19307, 19400, 15950). These genera 
indicate a Lower Oxfordian age. Lithologically the sandstones of units 
D and FE are very similar to the sandstones of La Gloria formation of the 
Sierra de Parras, and certain types are identical. The most common 
characteristic type in both areas is a grayish-white quartz sandstone 
spotted with yellowish-brown limonite. Conglomeratic layers are com- 
mon in both areas. 

Thin-sections of sandstones from units D and E were examined under 
the microscope and showed essentially the same characteristics as the 
sandstones of La Gloria formation of the Sierra Jimulco and the Sierra de 
Parras. (Imlay, 1936, p. 1108-1109; 1937a, p. 600). A specimen of 
yellowish-gray calcareous sandstone from a small knoll 114 miles south- 
west of Las Cuevas contains fragments of bivalves and belongs in unit D. 
A thin section showed fairly well rounded grains of quartz, microcline, 
and plagioclase cemented with calcite. Many quartz grains have un- 
dulatory extinction. Minor constituents include limonite, apatite, zircon, 
tourmaline, ilmenite, and leucoxene. 

Another specimen (Coll. A-13) of brownish-black sandstone of unit D 
was collected on a knoll about 2 miles southwest of Las Cuevas. It con- 
sists of grains of quartz, plagioclase, and chert in a matrix of organic 
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matter and some calcite. The feldspar and chert are uncommon, and 
limonite is abundant. Minor constituents include zircon, apatite, and 
tourmaline. 

Sandstone specimens of unit E were collected about 3 miles southwest 
of Villa Judrez on the road to Picardillas. A grayish-white quartz sand- 
stone flecked with limonite stains was examined under the microscope. 
The grains consist of quartz, microcline, and rare plagioclase and chert. 
Other constituents are limonite, calcite, organic matter, and apatite. 
Many of the quartz grains show undulatory extinction. Most of the 
grains are held together by an interlocking arrangement, and calcite is 
of minor importance as a cementing material. Another specimen of 
grayish sandstone from the same locality shows a similar interlocking 
arrangement of quartz, feldspars, and chert grains, and bears limonite, 
magnetite, zircon, tourmaline, apatite, and rutile as minor constituents. 

At San Pedro del Gallo, Durango, the lowest beds exposed consist of 
thick- to medium-bedded limestones and quartzitic sandstones which, 
according to Burckhardt (1930, table 6), are at least 600 meters (1970 
feet) thick. Some of the sandstones, spotted with limonite, are similar 
to types in the Villa Judrez and Sierra de Parras sections. The sandstones 
at San Pedro del Gallo are more indurated, as the region has undergone 
more intense deformation. 

La Gloria formation was deposited around the margin of the Coahuila 
Peninsula. Comparing La Gloria formation at the various localities, the 
coarsest and thickest deposits are in the Villa Judérez uplift and pro- 
gressively finer grained facies are found in the western part of the Sierra 
de Parras, the middle part of the Sierra de Parras, San Pedro del Gallo, 
and the Sierra Jimuleco. The coarseness and thickness of clastic materials 
may indicate the degree of proximity of the landmass. On the other 
hand, the much greater thickness and extent of the Upper Jurassic west 
of the Coahuila Peninsula than south of it can easily be explained by 
assuming that the principal drainage was to the southwest. 

The La Gloria and Zuloaga formations are considered of Oxfordian 
age on the basis that the overlying Jurassic beds contain upper Oxfordian, 
Kimmeridgian, Portlandian, and Tithonian fossils. In the Cerro del 
Volean (Burckhardt, 1910, pl. XLIX) near San Pedro del Gallo, Du- 
rango, fossils of upper Oxfordian age (Burckhardt, 1912, p. 5-39) occur 
in beds directly overlying La Gloria formation. In the section near Villa 
Juarez, Durango, unit C and the top of unit D contain a pelecypod fauna 
which Albritton (1937, p. 259) would place in the Kimmeridgian. How- 
ever, on the basis of lithology and contained ammonite fauna, unit D 
must be placed in La Gloria formation, and the question of the age of 
unit C may be held in abeyance pending further paleontological studies. 
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La Casita and La Caja formations —La Casita formation includes the 
shales, sandstones, and limestones of Upper Jurassic age above La Gloria 
formation (or Zuloaga limestone) and below the Taraises formation. 
All sections contain carbonaceous shales, and some contain coal beds. 
Gypsum occurs in most sections south of the Coahuila Peninsula and is 
very abundant in some. The formation, comprising near-shore clastic, 
carbonaceous, and gypsiferous beds, was deposited along the margin of 
a landmass and grades seaward into more calcareous, less clastic beds, 
which form La Caja formation of this report. La Casita formation has 
been observed in the middle and western parts of Sierra de Parras, at the 
eastern end of Sierra de Atajo (PI. 5, fig. 1), in Sierra Yeso, in Sierra 
Jimulco, in the vicinity of San Pedro del Gallo, and in the mountains 
west of the Laguna District. Similar deposits have been studied by 
Bose (1923a, p. 196-209) in the Sierra Madre Oriental southeast of 
Saltillo and, by various workers (Burckhardt, 1930, p. 84-91), farther 
south in Nuevo Leon, and Tamaulipas. 

In the Sierra Jimulco, La Casita formation is excellently exposed along 
the south side of Cafién Alamo, south of Puerto Santiago. The section at 
this place was measured by Kellum (1932, p. 547), who gave a generalized 
description. The writer remeasured the section in 1936 and found the 
younger Taraises formation lying below (PI. 5, fig. 2) La Casita forma- 
tion, thereby proving that the section is inverted by strong overfolding 
toward the north. The section as measured by the writer, from top to 
bottom, is as follows: 

Unit Feet 

1. Shales and limestone, poorly exposed; a bed of marly limestone 7 feet 

from top contains Substeueroceras, Proniceras, Aulacosphinctes, Hildo- 

glochiceras, Micracanthoceras, and Parodontoceras................... 101 
2. Limestone, medium-bedded, yellowish gray...................00000005 31 
3. Limestone, thin-bedded to shaly, brownish black, weathers dark brown. 


Limestone resembles sandstone but consists of bodies of Foraminifera 
preserved as cryptocrystalline quartz in a matrix of calcite, limonite, 


4. Shale, gypsiferous, pink, gray, and buff; contains dark gray arenaceous 
concretions and thin lenses of limestone..................20.00eeee 45 
5. Shale, sandy, gray to pinkish, contains a few thin beds of gray sandstone 25 


The same section, measured by Kellum, is somewhat more detailed 
and will be given from top to bottom as follows: 


Unit ‘ Feet 
2. Limestone, red, shaly, with Substeueroceras, Proniceras, Aulacosphinctes, 

Micracanthoceras, Parodontoceras, and Hildoglochiceras............. 1 
3. Shale, tawny, with calcareous 13 
4. Limestone, shaly, with Durangites n. sp. ind................00000eeeeee 2 


5. Talus slope with debris of shale and flaggy limestone layers............. 28 
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Unit Feet 
7. Limestone, black, nodular, shale partings....................0ee00e00 4 
8. Shale, large ferruginous lime concretions at top...................2.0-- 27 
9. Limestone, dark gray, nodular; ammonites......................0005 2 
12. Shale, gypsiferous; ferruginous lime concretions at top................. 17 
13. Shale, blocky, tawny to pink, gypsiferous....... 43% 
18. Sandstone, ashy, dark gray, nodular; partings of gray and black shale... . 8% 

19. Shale, pink and gray, sandy; passing at base into shaly sandstone con- 
taining partings of ferruginous brown 11 


La Casita formation is excellently exposed along the southern base 
of the Sierra de Atajo in Cafién del Mimbre and, also, at its northwestern 
end at the Cuchillo del Calvario (PI. 5, fig. 1), where about 250 feet of 
sandy shales and gypsiferous or carbonaceous shales of various shades 
of red, yellow, and gray occurs. Compared with the section in Cafién 
Taraises at the western end of the Sierra de Parras, the beds are less 
carbonaceous and more gypsiferous. 

In the mountains west of the Laguna district, near Villa Juarez, La 
Casita formation is probably represented by unit B previously referred 
tentatively to the “Torcer-Las Vigas series” (Kellum, 1936, p. 1067). 
At the northwest end of the bluffs east of Cuesta del Carbonera and at the 
same horizon as Kellum’s collection A-4, the writer found several species 
of corals and ammonites in addition to the more common Vermetus, Plica- 
tula, and Gryphea. The ammonites include several fragments of gigantic 
forms, of which one (U. M. 19415) is a Thurmannites close to T. novi- 
hispanicus Imlay (1937b, p. 563, pl. 78, figs. 8, 9; pl. 79, fig. 6) from 
Miquihuana, Tamaulipas. One fragment (U. M. 19414), not identifiable 
generically, suggests Blanfordiceras. Several small pieces (U. M. 19419, 
19417) of whorls probably represent Berriasella. In addition to these 
forms Kellum found some large ammonites (collection A-34) on the west- 
ern side of the Sierra de Mapimi, about half a mile south of Puerto 
Soldados, associated with the same bivalve fauna as in collection A-4. 
One of the ammonites (U. M. 19413) is similar to Thurmannites miqui- 
huanensis Imlay (1937b, p. 564, pl. 76, fig. 1; pl. 77, fig. 7), and another 
(U. M. 15832) to Thurmannites sp. (Imlay, 1937b, p. 565, pl. 80, figs. 3, 4) 
from the Miquihuana region. The resemblances of these Thurmannites 
to those from Miquihuana are striking, but just as noticeable are the 
resemblances of two excellently preserved species of Exogyra to Exogyra 
reedi Imlay and Exogyra putnami Imlay (1937b, p. 566). The associa- 
tion of the ammonite genera indicates a Tithonian or Berriasian age, and 
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the resemblances to the Valanginian fauna of the Miquihuana region 
favor an early Cretaceous age. Other evidence indicating that the 
Jurassic-Cretaceous boundary is in the middle of unit B consists of an 
external mold of the outer whorls of an ammonite which is probably 
either Spiticeras or Proniceras. Kellum’s field label states that the fossil 
comes from black shale below limestone on the hill east of Cuesta del Car- 
bonera. Another bit of evidence pointing toward the early Cretaceous 
age of the upper part of Unit B consists of an ammonite (U. M. 16132), 
probably Kossmatia, found as float just north of Cuesta del Carbonera, on 
the trail to Las Cuevas ranch (Kellum, 1936, p. 1069). This ammonite 
suggests a Portlandian age and must have come from the bluffs to the east 
which are formed of the middle part of unit B. If the upper part of 
unit B is of Cretaceous age, it should not be placed in La Casita formation. 
Neither could it be placed in the Taraises formation, as it consists prin- 
cipally of shales. If the upper part of unit B is of early Cretaceous age, 
then the Jurassic-Cretaceous boundary might be drawn at the base of the 
thick unit of sandstone in the middle of unit B. That would leave about 
400 feet in the lower part of the unit to be placed in La Casita formation, 
which, considering the great thickness of the formation at San Pedro del 
Gallo about 40 miles to the west, seems surprisingly thin. Therefore, it 
may well be that most, if not all, of unit C should be placed in La Casita 
formation, which assignment would conform with the age determinations 
of Albritton (1937, p. 359) in his studies of the Malone fauna. Before 
such conclusions can be drawn, the fossils of unit C should be restudied 
and carefully checked with the type specimens of the Malone fauna. If 
future work shows that the Jurassic-Cretaceous boundary should be 
placed lower than the above evidence indicates, then the quartz con- 
glomerate occurring 368 feet below the top of unit C (see Kellum, 1936, 
p. 1054, 1067) might be a possible significant horizon marker. 

In the vicinity of San Pedro del Gallo the Upper Jurassic formations 
were carefully studied by Burckhardt (1910, 1912). The writer visited 
the area in 1936, made a large collection of fossils, and checked the gen- 
eral geology. Burckhardt placed more than 3000 feet of shales and 
marls in beds now assigned to La Casita formation. This thickness is a 
composite of many small sections and, as such, is apt to be excessive as 
the various sections cannot be fitted together exactly. La Casita forma- 
tion, in the vicinity of San Pedro del Gallo, is mostly covered with allu- 
vium and, where exposed, is commonly much contorted and broken by 
minor bedding faults. This condition can be best seen along Arroyo 
Aguajito which trends east from the city. In only a few places is it 
possible to measure a section of a few hundred feet, and even there one 
cannot be certain that there has not been some duplication. This condi- 
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Ficure 5—Northern part of Mexican geosyncline at close of Cretaceous sedimentation 
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tion of the shales is explained by the strong deformation which the region 
has undergone. The anticline, which trends roughly north-south through 
San Pedro del Gallo, has been strongly overturned toward the east and 
broken by a number of cross-faults into a mosaic of blocks. The nearly 
recumbent east flank is well shown in the Mesa del Cardenche southeast 
of the city. During the folding, considerable readjustment of the beds 
must have taken place along the axial plane of the anticline, and much 
of this readjustment occurred in the relatively soft beds of La Casita for- 
mation. Considering the poor exposures and the amount of deformation 
of La Casita formation in this area, the thickness can only be estimated. 
The 3000 or more feet given by Burckhardt may be nearly correct, but the 
writer would estimate the thickness to be between 700 and 1500 feet. 

Comparing La Casita formation at the various localities, the coarsest 
and thickest deposits occur west of the former Coahuila Peninsula, and 
the most carbonaceous and gypsiferous deposits occur south of the penin- 
sula. These relationships show that the main drainage of the land was 
toward the west and that south of the landmass lagoons existed in which 
circulation of sea waters was feeble and sedimentation slow. 


CRETACEOUS 


Taraises formation.—This formation has been adequately discussed 
elsewhere (Imlay, 1938, p. 541-544), except for the near-shore equivalent 
in the mountains west of the Laguna District (Kellum, 1936, p. 1069- 
1070). Units 4 and 3 on the western flank of the Sierra de Mapimi and 
equivalent units on the east flank of the Villa Juarez uplift bear litho- 
logic resemblances to the Taraises formation and occupy about the same 
stratigraphic position. No fossils have been found in these units, but they 
probably belong in the Neocomian as the underlying unit B (and 5) 
contains ammonites which indicate a late Jurassic or early Cretaceous 
age. The lower unit, A and 4, like the lower member of the Taraises for- 
mation, tends to form bluffs but differs from the latter in being more sili- 
ceous and in containing beds of sandstone and arkose. The upper unit 
3 (Kellum, 1936, p. 1058) is similar lithologically to the upper member 
of the Taraises formation and, similarly, weathers easily to form depres- 
sions. The same unit is well exposed in the first canyon about half a 
mile east of Cuesta del Carbonera (Kellum, 1936, pl. 14). It is overlain 
at this locality, and also on the west side of the Sierra de Mapimi, by 
sandstone and shale which resemble Las Vigas formation of the Sierra de 
Parras section. 


Las Vigas, Parritas, and Cupido formations —Las Vigas formation in- 
cludes the clastic facies deposited around the margin of Coahuila Penin- 
sula during upper Neocomian and possibly lower Aptian times. The time 
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represented by the formation may not be the same at all localities, but its 
stratigraphic position is similar. In the western part of the Sierra de 
Parras and in the Sierra Jimulco, Las Vigas formation overlies the 
Taraises formation which contains lower Hauterivian fossils. In the 
mountains west of the Laguna district the same relationship seems to 
exist. Unit 2 of the section on the west side of Sierra de Mapimi (Kellum, 
1936, p. 1058, 1070) is lithologically similar to Las Vigas formation of the 
Sierra de Parras and overlies units which are probably near-shore equiva- 
lents of the Taraises formation. The same unit occurs in Cafién de los 
Cabritos about 2 miles south of Las Cuevas ranch on the east side of the 
Villa Juérez uplift (Kellum, 1936, p. 1070). Las Vigas formation in the 
western part of the Sierra de Parras is 945 feet thick, in the eastern part of 
the Sierra Jimulco about 800 feet thick, and on the west side of the Sierra 
de Mapimi 112 feet thick, thus varying considerably in thickness within 
rather short distances. The incomplete section on the south wall of 
Cafién de San Pedro in the Sierra Jimulco about 414 miles south of 
Viesca, from top to bottom, is as follows: 


Unit Feet 
1. Limestone, shaly, and some gray shales........................000e0ee 96 
2. Shale, light gray to pinkish, contains some shaly limestone near top and 

8. Shale, light gray and ‘pinkichs, contains some thin beds of light gray lime- 

597+ 


The lowermost unit of Las Vigas formation is exposed on the south 
wall of Caiién Alamo, about 4 miles southwest of Viesca. It consists 
mainly of shale, which includes two benches of ground shell conglomerate, 
and grades downward into the shaly limestones of the upper member 
of the Taraises formation. 

The Parritas formation includes the yellowish, thin- to thick-bedded 
limestones directly over Las Vigas formation in the western part of the 
Sierra de Parras (Imlay, 1936, p. 1117). Yellowish limestones occur 
near the base of the Cretaceous section in the mountains of eastern 
Durango and in the Sierra del Ramirez and Sierrita del Chivo in western 
Zacatecas. Perhaps detailed mapping in these areas would show the de- 
sirability of extending the formation name, but at present it is applied 
only locally. 

The Cupido limestone comprises the thick- to thin-bedded gray lime- 
stones between the Taraises and La Pefia formations (Imlay, 1937a, p. 
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606) and is the off-shore equivalent of Las Vigas and the Parritas forma- 
tions of the western part of the Sierra de Parras. It has been identified 
in the middle part of the Sierra de Parras and in many places in northern 
Zacatecas. It will probably be found over large areas in the central part 
of the Mexican geosyncline. 
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Ficure 6.—Time relations of facies in the Mexican geosyncline 


La Pena formation.—In the mountains bordering the site of the Coahu- 
ila Peninsula (7.e., Sierra de Parras, Mapimi, Rosario, and Jimulco), La 
Pefia formation includes the lower and middle parts of the mountain- 
forming limestones below the Aurora limestone. It varies from thick- to 
thin-bedded, and some sections contain considerable amounts of shale and 
shaly limestone. These units of shaly to thin-bedded limestone char- 
acterize La Pefia formation and distinguish it from the contiguous forma- 
tions. The top of the formation in all sections is marked by a unit of 
thin-bedded limestone and marl, or shale, which commonly contains upper 
Aptian fossils. The base of the formation is not sharply demarcated in 
most sections. In the Sierra Jimulco and the Sierra de Mapimi it is ex- 
tended down to the top of Las Vigas formation because there is no litho- 
logic or fauna] basis for subdivision at a higher horizon. At these locali- 
ties, therefore, the formation probably includes older beds than in the 
Sierra de Parras. La Pefia formation has a considerable range in thick- 
ness—in the middle part of the Sierra de Parras from 1000 to 1270 feet; 
in the western part, from 1420 to 2260 feet; in the eastern part of the 
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Sierra de Jimulco, 1000 feet. In the Sierra de Mapimi, Kellum (1936, p. 
1057, 1070) measured only 248 feet, but the complete formation is much 
thicker. 

The complete section on the south wall of Cafién de San Pedro in the 
Sierra Jimulco about 41% miles south of Viesca, from top to bottom, is as 
follows: 


Unit Feet 
3. Limestone, shaly and thick-bedded alternating, medium gray........... 66 
4. Limestone, thin-bedded and nodular at base, becoming more shaly toward 

6. Limestone, thin-bedded, sehen, gray, contains traces of oyster shells. . 192 
10. Limestone, medium- to thin-bedded.....................cccccceceeeee 268 
11. Limestone, mainly thick- to medium-bedded, some thin-bedded, gray... 195 

12. Limestone, thin- to medium-bedded, becomes thicker-bedded upward, 


La Pejia formation in the Sierra de Parras becomes thinner-bedded to- 
ward the south. In northern Zacatecas it is a rather thin formation con- 
sisting of thin-bedded to platy limestone separated by shaly parting 
and many thin beds of black chert. This black chert represents the be- 
ginning of a type of sedimentation which continued nearly uninterrupt- 
edly until the end of Albian time in Zacatecas, but which along the 
northern front of the Sierra de Parras was confined to the upper Albian. 
The upper beds in the vicinity of Mazapil, Zacatecas, contain fossils 
which Burckhardt (1930, p. 126, 134) considers of basal Albian age. If 
this is so, the highest beds of La Pefia formation in northern Zacatecas 
are equivalent to the basal Aurora limestone of the Sierra de Parras 
section. 


Aurora and Cuesta del Cura limestones—The Aurora limestone is a 
reef facies of lower and middle Albian age which apparently covers areas 
that were landmasses in Upper Jurassic, or Neocomian times, or that were 
only slightly submerged adjacent to landmasses. Thus, the Aurora lime- 
stone crops out on the site of the Coahuila Peninsula as well as in the 
high mountains which border the former peninsula. A strip of reef facies 
of approximately the same age seems to be fairly continuous along the 
Sierra Madre Oriental from the region of Saltillo southward. South of 
the Coahuila Peninsula the Aurora limestone ends in the Sierras de Parras 
(Imlay, 1937a, p. 611) and Jimulco and is replaced by a series of chert- 
bearing limestones scarcely distinguishable from the Cuesta del Cura 
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limestone. West of the Coahuila Peninsula the Aurora limestone is 
present in the Sierra del Rosario but absent in the Mesa del Cardenche 
southeast of San Pedro del Gallo. 

The Cuesta del Cura limestone was originally defined (Imlay, 1936, p. 
1125), from the western part of the Sierra de Parras, to include the thin- 
bedded limestones and black cherts between the Aurora limestone and 
the Indidura formation. At the type locality it is about 210 feet thick 
and probably of upper Albian age. In the middle part of the Sierra de 
Parras the Cuesta del Cura limestone thickens southward from about 250 
feet along the northern front of the range to about 1000 feet along the 
southern margin. This thickening is coincident with thinning of the 
underlying Aurora limestone (Imlay, 1937a, p. 614-615). In the vicinity 
of Melchor Ocampo the Cuesta del Cura limestone is about 828 feet 
thick, and the Aurora limestone facies has disappeared. However, the 
lower 250 feet of the formation is somewhat thicker-bedded than the 
upper part and is possibly the equivalent of the Aurora limestone. In 
the vicinity of Mazapil the Cuesta del Cura limestone is about 1024 feet 
thick and is not noticeably thicker-bedded toward the base. Thus, the 
Cuesta del Cura limestone represents a facies which includes nearly the 
entire Albian in the region of Mazepil and only the upper Albian along 
the Sierra de Parras front. 


Indidura, Cuesta del Cura, and Caracol formations——The Indidura 
formation was originally defined (Kelly, 1936, p. 1028-1029) for about 
100 feet of shales, rubbly limestones, and platy limestones directly over- 
lying the Aurora limestone at the southern end of the Sierra de Santa 
Ana southwest of Las Delicias, Coahuila. The type section contains 
fossils of upper Albian, Cenomanian, and Turonian ages (Jones, 1938, p. 
86-93). The same facies and fauna directly overly the Aurora limestone 
in the Sierra de la Pefia (Jones, 1938, p. 83-86) and in the Sierra de 
Tlahualilo (Robinson). All these areas overlie, or are on the margin of, 
the Coahuila Peninsula of Upper Jurassic time. South of the site of the 
peninsula in southern Coahuila and northern Zacatecas the Indidura for- 
mation becomes more calcareous and very unfossiliferous. In the western 
part of the Sierra de Parras it is of Cenomanian, Turonian, and Coniacian 
age and is underlain by the Cuesta del Cura limestone which is prob- 
ably equivalent to the basal Indidura at its type locality. In the middle 
part of the Sierra de Parras and farther south in Coahuila and northern 
Zacatecas the Indidura is underlain by the Cuesta del Cura limestone 
and overlain by the Caracol shale and tuff. The latter thickens greatly 
southward and is equivalent to the upper part of the Indidura formation 
of the western part of the Sierra de Parras. Thus, the Indidura forma- 
tion in central Coahuila passes southward in Coahuila and Zacatecas into 
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three distinct facies. In central Coahuila, over the site of the Coahuila 
Peninsula, deposition went on very slowly in a shallow sea from Upper 
Albian until Coniacian time and the environment remained very favor- 
able for bottom-living organisms. South of the peninsula, deposition 
occurred in fairly deep waters during the upper Albian and in shallow 
waters during Cenomanian to Coniacian time, but the bottom conditions 
were unfavorable to organisms probably due to the rapid accumulation 
of sediments derived from the rising landmasses in central Mexico. The 
maximum thickness of the Indidura formation on areas overlying Coahuila 
Peninsula is only a few hundred feet. The thickness of equivalent 
formations in northern Zacatecas is more than 4000 feet. Comparing the 
highly fossiliferous Indidura formation in central Coahuila with the un- 
fossiliferous so-called Indidura formation in areas off-shore from the 
Coahuila Peninsula, the question arises as to whether they should be 
recognized by the same name. Perhaps future studies of the formation 
will show the desirability of restricting the name to the deposits over- 
lying the Coahuila Peninsula and of giving a different name to the 
deeper-water facies. 


Parras shale and Difunta formation.—During the Senonian the positive 
areas of central and western Mexico began rising, at first slowly and 
later rapidly, as shown by the increasing coarseness and quantity of sedi- 
ments deposited in the Mexican geosyncline. At first, dark calcareous 
muds were deposited with considerable quantities of voleanic ash which 
was showered widely at frequent intervals. Later, enormous quantities 
of sands were swept from the lands into the rapidly sinking geosyncline 
and, although deposition of calcareous muds continued at a great rate, 
gave rise to characteristic coarse deposits known as the Difunta forma- 
tion. The earlier deposits, known as the Parras shale, crop out along 
the southern part of the Parras Basin as well as at many places in 
Zacatecas. The younger Difunta formation, on the other hand, has not 
been found south of the Parras Basin. 
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ABSTRACT 


The question is raised as to whether multiple erosion surfaces that have been 
described in a number of recent papers actually exist, and, if so, whether they have 
been correctly interpreted as products of repeated partial peneplanations. 

Analysis of the criteria used for determining such surfaces indicates that some are 
not adequate. Particularly, the use of ridge crests, isolated hills, and spurs as markers 
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of former erosion levels is unsafe. Too little correlation has been made between 
surface form and rock resistance. 

Analysis of what happens after an old-age surface is rejuvenated indicates that 
stream-bed grading is very rapid relative to inter-stream degradation, so that the 
“treppen” concept of stair-step-like benches with bordering scarps retreating across 
a region following successive rejuvenations of a master stream cannot ordinarily 


be valid. 
Multiple erosion surfaces at small vertical intervals are difficult to explain as 


products of sub-aerial erosion working toward intermittently lowered base levels, 
but they are entirely expectable results of another process that has been given too 
little attention. Progressive burial of surfaces planed by the waves of an inter- 
mittently advancing sea, or of pediment surfaces bordering a mountain range in an 
arid land, followed by uplift and stripping of the blanketing sediments, is not only a 
competent cause of the production of multiple surfaces but so inevitably leads to 
their production that such an explanation should receive first consideration where 


multiple surfaces can be definitely proven. : 
Application of this principle to the interpretation of the physiography of the Front 
Range of the Rocky Mountains is suggested. 


INTRODUCTION 


Danger lurks in a too enthusiastic reception of a good new idea. The 
concept of the cycle of erosion and of the peneplain as the end-product 
of sub-aerial denudation undoubtedly marked one of the great advances 
in the science of geomorphology but it covers only one of many aspects 
of that science. It has monopolized so much of physiographic thought 
and, since its effective exposition by Davis, has been carried so far by 
some of his followers that one may justly question whether it is not being 
overworked to the extent of retarding rather than advancing the science. 

When the cycle concept was introduced, physiographers began to neglect 
further inquiry into the basic principles of geomorphology and turned 
their attention so enthusiastically to the search for peneplains or their 
remnants that it became and still is common to devote regional physio- 
graphic studies almost entirely to descriptions of peneplains or evidences 
of former erosion cycles. Meanwhile comparatively few papers dealing 
with the basic principles of geomorphology have been published in the 
United States in the past 20 years. Only a small percentage cover the 
nature and origin of slopes, the details of differential erosion, the relative 
roles of rain-wash and creep, or the exact way in which peneplaned sur- 
faces are formed or destroyed. On the other hand, peneplains, or at 
least partial peneplains or terraces, one above another in almost incredi- 
ble numbers, have been announced without adequate analysis of the 
processes by which so many surfaces could be formed without the higher 
being destroyed by the very processes which produce the lower. Much 
of modern physiography, therefore, might almost be called a science 
without a foundation. 

The concept of multiple peneplanation seems to have had its first 
vigorous advocate in Keith (1894-1896), who as early as 1894 recognized 
five surfaces in the southern Appalachians, interpreting them as remnants 
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of partial peneplains formed at as many different levels. Later he 
increased the number to seven. 

Recent papers in which multiple erosion surfaces have been announced 
include a treatment of the physiography of the Front Range of the Rocky 
Mountains (Van Tuy! and Lovering, 1935) in which five earlier erosion 
surfaces are described on the higher parts of the range besides six partial 
cycles represented by strath terraces along the margins, but in which 
virtually no attention is given to the effects of local variations in rock 
resistance or to the effects of pediment formation or stripping; a paper 
by Meyerhoff and Hubbell (1927-1928) describing fourteen erosional sur- 
faces or “terraces” in New England, separated from each other by an 
average vertical interval of only 225 feet, all of which the authors main- 
tain are fluvial in origin and in general are not controlled by rock resis- 
tance; and one by Pond (1927-1928) dealing with the Taconic region 
of Vermont, in which eight surfaces or “terraces”, separated by an average 
vertical interval of 325 feet, are recognized between 700 and 3200 feet 
above sea level, and are supposed to be remnants of sub-aerial peneplains 
which abutted against the Taconic and Green mountains. Meyerhoff and 
Hubbell, however, recognize that multiple surfaces require special ex- 
planation and they describe a mechanism by which they may have been 
formed. Its adequacy will be discussed later. 

In the Piedmont region of New Jersey, Pennsylvania, and Maryland, 
Bascom (1921) and Knopf (1924, 1929) recognize respectively six and 
ten partial cycles but suggest the possibility that some may be products 
of marine planation. 

With respect to multiple peneplains at such small vertical intervals, 
three possibilities are obvious: (1) that they are real and were actually 
formed as postulated, difficult as it may be to explain their formation in 
the light of generally accepted physiographic principles; (2) that they 
are real but have been formed in some manner other than by sub-aerial 
peneplanation working toward intermittenly lowered base levels; (3) 
that they have no real existence but are products of active imaginations 
backed by a faulty philosophy and aided by a grid of assumed peneplain 
levels so close together that, by admitting only moderate departures 
from the norm, any surface, ridge, hilltop, or spur can be fitted into one 
or another of them. 

That the third possibility may account for some of the multiple erosion 
surfaces above referred to is suggested by the noticeable tendency of the 
supposed surfaces to be horizontal over considerable areas. Now: if the 
surfaces were real and sub-aerial, they could not possibly have been 
horizontal originally over any considerable distances. If, however, the 
surfaces are wholly imaginary and are the results of correlating present 
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topographic features, actually having random vertical elevations, with the 
various members of a grid of assumed peneplains only a few hundred feet 
apart, each “surface” would necessarily be level because it is correlated 
with a particular elevation above the sea. 

The physiographic difficulties inherent in the hypothesis that multiple 
“peneplains” exist in a single region, together with the above-mentioned 
possibility that they may not be real, or if actually existing were formed 
in some way other than by sub-aerial erosion toward an intermittently 
lowered base level, call for careful analysis of the forms themselves and 
of the criteria by which they have been interpreted as remnants of mul- 
tiple erosion surfaces. 


ANALYSIS AND CRITICISM OF COMMONLY USED_ CRITERIA 
OF PENEPLANATION 


REMNANTS OF LOW-ANGLE SURFACES 
Remnants of nearly level or gently sloping surfaces are an unquestioned 
criterion of peneplanation that is positive in proportion to the size and 
number of the fragments remaining undissected provided, however, that 
it can be proven that the surface is not due to a structural cause, such as 
an approximately horizontal stratum of resistant rock, and is not a surface 
resurrected by relatively recent stripping of a protective cover of sedi- 
mentary deposits. 
REGIONAL TRUNCATION OF DEFORMED STRATA 
Regional truncation of strata, as for example of the Appalachian folds 
or of the Cincinnati arch, has often been cited as proof of former pene- 
planation. Such truncation, though a necessary consequence of pene- 
planation, cannot safely be taken as proof of it because long-continued 
denudation must necessarily result in regional truncation of strata, even 
if the region has never been reduced to anything approaching a peneplain, 
as might happen if uplift were to occur repeatedly before the peneplain 
stage had been reached in any of the cycles, or if uplift were continuous 
and steady but always rapid enough to keep ahead of degradation. The 
early arguments of Tarr (1898) and Smith (1899) on this subject of 
truncation without peneplanation still apply with full force. In any 
region, the higher parts tend to be most exposed and to be relatively 
more reduced by erosion than adjoining lower areas; hence broad regional 
beveling is inevitable if denudation is long continued. 
ACCORDANCE OF SUMMITS AS REVEALED IN THE SKY LINE OR BY PROJECTED 
PROFILES 
In the Appalachian and New England studies, projected profiles, or 
composite zonal profiles of strips of country generally selected to trend 
at right angles to the strike or to the prevailing slope of the region, have 
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been used extensively, and reliance has been placed upon them as indica- 
tors of multiple erosion surfaces. 

The method of projected profiles is a useful tool which, however, must 
be used with discrimination. At most, it is only a device for picturing 
the sky line of a region. For that purpose it undoubtedly is better than 
a view from a hilltop because it is less subject to psychological errors, 
and the picture is not distorted by the element of distance. For example, 
gradual variations in elevation of as much as 1000 feet along a ridge 
crest 10 miles away are scarcely perceptible to the eye but would be evi- 
dent at once on a projected profile. On the other hand, by projecting 
hilltops, ridges, and sloping surfaces in both foreground and background 
onto one vertical plane, projected profiles unduly emphasize the appear- 
ance of horizontality. But in that respect they are, perhaps, no more 
deceptive than the actual view from a hilltop. 

To one who is inclined to give great weight to the appearance of hori- 
zontality of the sky line as seen from a hilltop or as pictured on a projected 
profile, an airplane trip over the region in question would probably be 
enlightening. Ridges and hills, which from their own level seem to show 
an even sky line suggesting remnants of a dissected peneplain, appear 
from above in their true proportions as narrow residual] divides that could 
not possibly have maintained anything like their original height while 
the much larger areas between them were being etched out by erosion. 

As a criterion of peneplanation, the pertinent question, however, is 
not, “Is the sky line essentially horizontal?”, but rather, “Even though 
the generalized sky line is level, does it mark a former erosion surface 
developed at what was then a local base level of erosion?” To assume 
that it does (in the absence of unmistakable flat-topped remnants of that 
surface) is to assume that no important lowering of the hilltops has oc- 
curred during the dissection of the uplifted erosion surface. 

As Shaler (1899) pointed out, and as has more recently been em- 
phasized by Fenneman (1936), a mature topography with an essentially 
horizontal sky line, if slowly uplifted at about the same rate as it is lowered 
by denudation, might persistently maintain its even sky line through 
almost any amount of lowering. Projected profiles of such a region would 
give the appearance of a former erosion surface at whatever level the 
summits happen to have reached at the time the profiles are made. 

When projected profiles show even sky line at two or more levels, it 
is unsafe to conclude that those levels represent erosion surfaces formed 
at different periods unless the possibility of differential lowering on rocks 
of differing resistances has been considered and eliminated. As is well 
known, the rate of wasting differs enormously on different rocks. For 
example, in the same time as is required to develop a 35-degree slope rising 
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directly from the water’s edge on an Appalachian hard-rock ridge such as 
those traversed by the Susquehanna River above Harrisburg, Pennsyl- 
vania, the adjoining weak rock area is opened out into a rolling lowland 
at a level nearly 1000 feet lower than the crest of the ridge. If an area 
underlain by rocks of three distinct degrees of resistance were peneplaned, 
then uplifted slowly but uniformly while wasting away under the ordi- 
nary agencies of denudation, after the process had continued for a con- 
siderable time three distinct areas would correspond to the three types 
of underlying rock, in each of which summit levels would be essentially 
uniform but different from those in each of the others. If the region 
were studied in the usual manner by means of projected profiles and, as 
unfortunately is also common, without consideration of the underlying 
rocks, three erosion surfaces or peneplains at different levels would cer- 
tainly be announced. 

If a really good topographic map is available for an unglaciated area 
of diverse rocks it is often possible to decipher the major features of the 
geology and even to map the geological formations with considerable 
accuracy from the topography alone. An excellent example of such a 
region is the Williamsport-Lock Haven-Bellefont area in Pennsylvania 
where it is possible to map the various geological formations such as the 
Catskill-Pocono sandstones, the Devonian shale belt, the Silurian lime- 
stone belt, and the Silurian quartzites with surprising accuracy solely 
on the basis of topography. Each forms a distinctive topographic type 
with generally accordant summits at a distinctive altitude. At least 
three of the belts in this region have been interpreted as separate pene- 
plains representing still-stands at those altitudes. But why seek so com- 
plex an explanation? By the most direct process of scientific reasoning 
the fact that the different levels correspond to belts of rock offering dif- 
ferent resistances to weathering implies differential response to a single 
act of denudation. Any more complicated explanation requires specific 
proof. Projected profiles may clearly reveal the different levels but 
indicate nothing as to their cause. 

ACCORDANT ALTITUDE OF ISOLATED HILLTOPS, RIDGES, SPURS, AND SHOULDERS 

Excepting hilltops and ridge crests in a region which has not progressed 
much beyond early maturity of the first cycle, hilltops, ridges, spurs, and 
shoulders are exceedingly unreliable criteria of former erosion surfaces 
and yet have been widely used, apparently with no recognition of their 
unreliability. Numerous examples may be found in the recent paper 
on the physiography of the Front Range of Colorado (Van Tuy] and 
Lovering, 1935), in the paper on the physiography of the Taconic moun- 
tains in Vermont (Pond, 1927-1928), and in most or all of the papers 
in which multiple peneplains are postulated. 
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Two compelling arguments may be advanced against the use of hill- 
tops and ridge crests as markers of former erosion levels. The first is 
that they are features formed by the meeting of steep slopes and con- 
sequently are subject to maximum attack by the agencies of denudation, 
with the result that in any long period of time—such as would be required 
for more than a single cycle of erosion—they must have suffered a loss 
of altitude which, though indeterminable, must have been considerable. 

The amount of lowering which such a feature would undergo in a given 
time would be a function of the resistance of its rocks to weathering. Con- 
sequently, if several hills in a region were composed of rocks of different 
character, even though they all may have been evenly leveled at the 
beginning, each would stand at a different altitude after the region had 
passed the mature stage of the cycle, and the differences would be even 
more pronounced after exposure for more than a single cycle. This re- 
sult is so obvious that it needs no further elaboration though it has been 
persistently overlooked by the sponsors of multiple peneplain. 

The second argument against the use of hilltops and ridges is that they 
are divide features which, unless the region was completely planed in 
an earlier cycle, must always have stood considerably above the base 
level to which the peneplain was being developed. If the cycle had not 
advanced beyond the old-age stage before being interrupted, such divide 
features may have stood many hundreds of feet above base level and, 
consequently, are useless for marking that level. 

As the cycle advanced farther, residual hilltops and ridges would still 
stand as monadnocks an indeterminate amount above base level and would 
still be useless as markers of that level. Only when planation had be- 
come virtually complete would divide features approach closely enough 
to the general peneplain level to be used in determining it, and, as already 
explained, they would subsequently lose this diagnostic value after 
maturity of the succeeding cycle. 

In a region marked by ridges of the Appalachian type formed on in- 
clined resistant rock beds by the etching out of the weak strata between 
them, it has been argued, or at least tacitly assumed, that the even sky 
line of the ridges proves peneplanation at essentially their present eleva- 
tion. This assumption is faulty because such structural ridges must 
develop an even crest line entirely independent of any peneplanation 
(Rich, 1934). Briefly, this is because the height of the crest is deter- 
mined by the meeting of the slopes that rise from the weak-rock areas 
on either side. Since, where thickness and attitude of the hard-rock 
layer are constant, these slopes tend to have a constant angle, they must 
meet at a relatively uniform elevation above the grade profiles of the 
subsequent streams in the adjacent weak-rock areas. 


ae 
if 
if 
{ 
{ 
if 
af 
| 
| 
of 
| 
q 


1702 J. L. RICH—MULTIPLE EROSION SURFACES 


The use of terraces, spurs, and shoulders on the flanks of higher moun- 
tain masses as markers of former erosion surfaces (Van Tuy] and Lovering, 
1935) is open to the same objections as for hilltops and ridges, but to an 
even greater degree because their original elevations above base level 
are even more indeterminate, and slopes always must have been relatively 
steep. Their use is particularly indefensible when possible structural 
causes have not first been carefully considered and eliminated. 


CONCLUSIONS AS TO CRITERIA FOR PENEPLANATION 

The above analysis of the criteria used as evidences of peneplanation 
or partial peneplanation indicates that most of them are unreliable and 
some, such as isolated hilltops, mountain spurs, and shoulders, are prac- 
tically worthless. Even surfaces restored on the basis of projected pro- 
files are subject to serious misinterpretation unless careful consideration 
is given the nature of the underlying rock so that the possibility of dif- 
ferential lowering of weak-rock areas is eliminated, and unless allowance 
is made for uniform lowering of a mature region. 

In the light of the foregoing evaluation of the criteria commonly used 
in establishing the presence of former peneplains, the existence of the 
numerous erosion surfaces so freely evoked in the references quoted and 
elsewhere is open to serious doubt—particularly where ridges, hilltops, 
spurs, and shoulders have been used as peneplain markers. The validity 
of any possible peneplain remnant should be tested by the most rigid 
physiographic evidence. In the past, in many instances, no such analysis 
seems to have been made. It seems generally taken for granted that an 
even-crested ridge must be a remnant of a peneplain; that even-crested 
ridges at two or more elevations in a region must represent two or more 
peneplains; that a maturely dissected landscape with relatively even sky 
line obviously represents the level of a dissected peneplain; and even 
that isolated hilltops can be used as markers of former erosion surfaces. 

Even if it can be definitely established that several local erosion sur- 
faces exist in a region, the question still remains as to whether these sur- 
faces should be interpreted as partial peneplains due to sub-aerial erosion 
or as surfaces formed in some other way. That a series of partial pene- 
plains can be formed at small vertical intervals without destruction of 
the older during the formation of the younger is not so self-evident as the 
sponsors of multiple peneplains seem to assume. 


THE TREPPEN CONCEPT—ANALYSIS AND CRITICISM 


GENERAL STATEMENT 

Of the later writers who have reported numerous erosion surfaces one 
above another, most seem, by implication at least if not explicitly, to 
have accepted a concept (hereafter referred to as the “treppen” concept) 
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advocated by Penck (1924, 1925) and later put forth independently by 
Meyerhoff and Hubbell (1927-1928) that rejuvenation proceeds up a 
valley with a waterfall or rapid—a “nickpoint”—at its head and that the 
sides of the rejuvenated valley then retreat parallel to themselves, leav- 
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Ficure 1—The “treppen” concept 
After Meyerhoff and Hubbell (1927-1928). 


ing plains at their bases so that a series of rejuvenations results in 4 
succession of retreating rapids or “nickpoints” in the stream beds and 
a series of stair-tread-like erosion surfaces flanking the valleys, each 
bordered on its uphill side by an escarpment retreating essentially parallel 
to itself (Fig. 1). 

The treppen concept would make it possible to explain the formation 
of several erosion surfaces at different levels without any tendency for 
the processes which form the lower surface to destroy the higher ones, for 
the essence of the concept is the substitution of a series of iocal base- 
levels separated by nickpoints for a single general baselevel so that several 
surfaces at different levels may be developing simultaneously. Hence a 
critical analysis of the treppen concept is a necessary preliminary to a 
conclusion as to whether or not multiple sub-aerial surfaces are physio- 
graphically expectable. 

For analysis, the concept may be separated into two distinct elements. 
One is the nickpoint and its behavior; the other is the supposed retreat 
of the valley walls or scarps parallel with themselves. With respect to 
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nickpoints the pertinent question is whether they endure long enough 
to serve as local baselevels for considerable erosion surfaces. As regards 
the valley walls, the question is whether they retreat noticeably or are 
merely dissected essentially in place. 

Combining these two elements, the critical factor in determining 
whether several erosion surfaces shall form simultaneously at different 
levels or only one surface shall form graded to a single baselevel proves 
to be the relation between the rates of stream-bed grading and of inter- 
fluvial degradation. If the latter is slow relative to stream-bed grading, 
the opportunity for the formation of multiple erosion surfaces according 
to the treppen concept must be very limited. 

The following section is devoted to analysis of these problems. Unless 
otherwise specifically indicated, the discussion is based on moist-climate 
conditions where an effective cover of vegetation is maintained. Under 
arid climates where vegetation is sparse, the conditions governing inter- 
fluvial degradation are notably different. It is also assumed, unless 
otherwise indicated, that we are dealing with rocks of uniform resistance 
not only to stream corrasion but also to weathering and interstream 
degradation. 

NICKPOINTS AND THE INTRENCHMENT OF STREAMS 

The general principles of stream grading as developed by Gilbert, Davis, 
and others are well known, but certain aspects of the subject such as 
the behavior of waves of rejuvenation in a stream system and the relative 
rates of stream-bed grading as compared with interfluvial degradation 
seem not to have been adequately studied, for they still give rise to marked 
differences of opinion. , 

If we start with a peneplain underlain by rocks of uniform resistance to 
weathering and stream erosion, what events will follow rejuvenation? If 
we confine attention to the beds of the streams, all will probably agree 
that the streams will proceed to grade themselves throughout to the new 
base level. But how will the grading be done? Here we encounter both 
difference of opinion and lack of knowledge. Will a definite “nickpoint” 
be formed and maintained as rejuvenation works its way upstream 
throughout the system, or will its effects be quickly transformed into 
a general steepening of stream gradients without the maintenance of 
nickpoints? Further study of this problem is needed. Whether nick- 
points are formed at all will depend on the nature of the uplift. If a 
region is bodily uplifted above its surroundings without tilting, as might 
be true of an untilted horst, or in the event of a drop in sea level, condi- 
tions for the development and retreat of a nickpoint would be most 
favorable, but even there, if no especially resistant strata, such as are 
responsible for most waterfalls, are present, nickpoints would tend to be 
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transformed into graded slopes rather than to retreat upstream unchanged 
because (1) below a nickpoint the heavier and coarser load derived from 
excessive erosion at the rapids would require a steepened gradient for 
its transportation, and this would decrease the height of the falls from 
the bottom, and because (2) the height of the falls would be decreased 
at the top by the progressive rounding off of the crest due to the fact 
that where water falls over a break in slope its velocity is increased for 
some distance above the break (the increase becoming progressively less 
up stream) so that a graded and fully loaded stream on approaching the 
falls will become underloaded and will begin to cut just as soon as the 
increase in velocity is felt, and the cutting will progressively increase as 
the falls are approached. ‘The effect of such rounding of the crest at the 
falls will progress continuously up stream until finally the nickpoint is 
eliminated. If on the other hand, the uplift involved a downstream tilt, 
rejuvenation would take place contemporaneously all along the master 
stream so that no nickpoints would be formed. If uplift were relatively 
slow, even without tilting, the streams should be able to maintain them- 
selves at grade without the formation of nickpoints. 

However, for the purpose of this discussion the essential point is not 
the detailed behavior of nickpoints, but rather their duration in compari- 
son with the time required for the lowering of interstream areas, for if 
streams grade themselves very quickly relative to the lowering of inter- 
stream areas, then nickpoints must be too short-lived to have much signi- 
ficance in connection with multiple erosion surfaces. 


INTERFLUVIAL DEGRADATION 


After the drainage system has reached grade, the dominant activity 
is a gradual flattening of slopes’? and general lowering of the interstream 
areas by sheetwash and creep. The streams play no part in this process 
except to carry away the products of erosion and to cut laterally to a 
moderate extent. Emphasis should be placed on the dominance of non- 
fluvial agencies—sheetwash and creep—in this process. The area affected 
by stream corrasion—both vertical and lateral combined—is very small 
compared with that affected by sheetwash and creep. The strr 3 make 
narrow, saw-cut-like notches into the rocks of a region, serve as local 
base levels for wasting, and carry away the loose products, but erosion 
surfaces, especially in moist regions, are formed almost exclusively by 
sheetwash and creep of material prepared by weathering. 

The cover. of vegetation in moist regions plays a very important role in 
interstream degradation because it seriously inhibits if it does not almost 


1 Provided, of course, that the rocks are homogeneous and that no essentially horizontal scarp- 
producing beds are present. Where such beds occur, steep escarpment slopes would persist and would 
retreat essentially parallel to themselves until the last ‘“‘butte” had lost its cap. 
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completely stop sheetwash, especially on the gentler slopes. A cover of 
vegetation, however, probably does not seriously affect creep, which, 
therefore, may be the dominant process by which material is moved in 
a vegetation-covered region (Davis, 1902). 

On gentle slopes creep can scarcely be a direct process of gravity 
sliding but may be an indirect result of freezing and thawing, expansion 
and contraction by wetting and drying, overturn of trees, and of any 
other processes which move the surface material and give it opportunity 
to work a little way downhill with each movement under the pull of 
gravity. 

We know that both sheetwash and creep tend to produce graded slopes 
(graded in minutest detail for sheetwash, but only on a larger scale for 
creep on steeper slopes), and that, for both, the effectiveness must increase 
greatly with increase of slope; therefore, both must be active in the attack 
on steep slopes and in the aggradation of gentle slopes below steep slopes, 
thus tending to smooth out any initial irregularities in slope. 

Both creep and sheetwash must wait on weathering to break up the 
bedrock (unless it has never been consolidated or is closely fractured) ; 
hence the importance of the nature of the underlying rock and its resis- 
tance to weathering. 

After mature dissection of a region of homogeneous rocks by its drain- 
age system, we may picture a gradual lowering of relief and of the angle 
of all slopes except floodplain bluffs (provided scarp-making resistant 
beds are not present) as the region progresses through the cycle to the 
old-age and finally to the peneplain stage. On account of the universal 
action of weathering, sheetwash, and creep, all of the surface, even the 
divides, would be greatly lowered in the process, so that in no stage after 
early maturity (i.e. the stage when ridge divides first become general) 
would any part of the surface give a close indication of its original level. 


RATE OF STREAM GRADING AS COMPARED WITH RATE OF INTERFLUVIAL 
DEGRADATION 


Theoretical considerations—As to the consequences of rejuvenation 
as they affect respectively the stream beds and the interstream areas, 
we find two fundamental differences of opinion. One school represented 
by Penck (1924), Meyerhoff (1927-1928), and others, pictures a definite 
nickpoint retreating gradually upstream as a result of rejuvenation. 
Below the nickpoint the stream is graded to the new base level, and a 
peneplain begins to form on either side at the lower level by orderly 
retreat of the valley walls, while above the nickpoint no change is sup- 
posed to be noticeable and erosion continues under the control of the old 
base level. With repeated rejuvenations a series of nickpoints is formed, 
one corresponding to each rejuvenation, and a series of “peneplains” or 
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“erosion surfaces”, one graded to each of the new base levels, begins to 
form by orderly retreat of their bounding escarpments back from the 
stream course. 

Another school of thought visualizes relatively rapid grading? of the 
stream system throughout, so that the entire drainage net is graded to 
the new level before significant changes have occurred in the interstream 
areas, even near the mouths of the streams. 

Obviously, the critical factor involved in this difference of opinion 
is the relation between the rate of stream grading and that of interstream 
lowering. If interstream lowering is rapid in comparison with stream-bed 
grading, a mature or even old-age topography might be developed along 
the lower course of a stream before the effects of rejuvenation had worked 
back to the headwaters, and the Penck-Meyerhoff concept outlined above 
might be valid. If, on the other hand, stream-bed grading is rapid in 
comparison with interstream degradation, it would be completed before 
the interstream areas had been much affected (except by lateral stream 
planation on the borders of the floodplains), and the Penck-Meyerhoff 
concept must be rejected. 

The rapidity of stream-bed grading compared with interstream de- 
gradation depends on the hardness of the rock, on its resistance to weather- 
ing, and on the climate. The latter controls stream flow, vegetation cover 
and weathering. Hardness of rock and stream volume control the rate 
of stream-bed grading, while resistance to weathering and vegetation cover 
control the rate of interstream degradation. Stream-bed grading would 
obviously be most rapid on soft rocks in a climate that would supply a 
relatively large volume of water moderately loaded but not overloaded 
with sediment. Interstream degradation (accomplished by sheetwash 
and creep) would be most rapid where the rocks either are soft or weather 
quickly so that sheetwash and creep can never be retarded by unweathered 
rock, and where the vegetation cover is least effective in inhibiting sheet- 
wash and gullying. 

In a moist climate, mechanically weak rock, such as unconsolidated 
sediment, must permit rapid grading of the stream, but vegetation cover 
will tend to inhibit interstream degradation. In such regions the streams 
would quickly re-grade themselves after rejuvenation, and any nickpoints 
that were formed would migrate quickly up stream and be short-lived. 
With stream-bed grading rapid and interstream degradation inhibited 
by vegetation, the streams should grade themselves throughout before 
the interstream areas could be much reduced. 

As to interstream degradation, an equivalent of soft rock is realized 


2 By stream-bed grading is meant the establishment of a graded profile by the stream—not the 
gradual lowering of the graded profile after it is formed. 
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where a hard rock is so weak chemically that weathering is more rapid 
than removal, so that a cover of weathered mantle rock is always present. 
Under these conditions the vegetation cover and not the character of 
the underlying rock becomes the factor limiting the rate of interstream 
degradation, and the behavior with respect to interstream degradation is 
like that of an area of soft rocks. 

On some varieties of crystalline rocks in a warm, moist climate, where 
the rock is mechanically very resistant but chemically weak, the above 
conditions seem to be realized, and here, if anywhere in a moist climate, 
conditions would seem to be most favorable to the Penck-Meyerhoff con- 
cept. Such conditions are found on parts of the Piedmont district of 
the southern Appalachians and in many of the intermont basins of that 
region, such as the Ducktown basin and the Hiawasse basin of Tennessee 
or the Asheville basin of North Carolina. Stream-downcutting there is 
retarded because the unweathered rock of the stream beds is very hard, 
but, since the rock is chemically weak, it weathers rapidly so that on 
the interstream areas degradation may be almost if not quite as rapid as 
on unconsolidated sediments. 

In arid lands where the vegetation cover is ineffective and sheetwash 
is relatively unimpeded, interstream degradation may be much more rapid 
compared with stream-bed grading than in a moist climate unless the 
rocks are such that they weather too slowly under arid conditions to 
furnish loose material as rapidly as it can be removed by sheetwash. 
Interstream degradation is rapid because of sparse vegetation, while 
stream-bed down-cutting tends to be slow because of the small and inier- 
mittent volume of water and because much of the scanty rainfall is so 
local that, though it may cause intense interstream degradation in the 
areas affected, it may fail to reach the larger streams and consequently 
can play no part in lowering their beds. Down-cutting is further impeded 
by excessive sediment load provided by the active sheetwash. 

It appears, therefore, that in an arid climate interstream degradation 
tends to be rapid relative to stream-cutting so that the forms visualized 
by Penck and Meyerhoff would be more likely to be developed there 
than elsewhere, but so many complicating factors are introduced by 
aridity that further discussion would be out of place here. 


Illustrations from selected regions—Let us now examine the topog- 
raphy of typical regions to see what evidence may be found as to whether 
the grading of a stream system is slow or rapid as compared with deg- 
radation of the interstream areas, and whether local peneplains tend 
to form along the lower courses of the streams while their upper courses 
are still ungraded. For this purpose it will be necessary to choose areas 
in each of which rock resistance is relatively uniform. 
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Consider first the Appalachian plateau region of Kentucky, West Vir- 
ginia, Pennsylvania, and Ohio. The rocks are shales and moderately 
weak sandstones lying essentially horizontal. Relief is 500 feet to 1000 
feet or more. The streams are graded, and the region is maturely dis- 
sected throughout. The interstream areas characteristically maintain 
almost or quite full height even to the bluffs of the master streams. 
(See the Belleville quadrangle, West Virginia-Ohio, the Glenwood quad- 
rangle, West Virginia-Ohio, or almost any of the quadrangles along the 
Ohio or Kanawha rivers.) The streams have widened their valleys mod- 
erately by lateral planation, and in places strath terraces due to lateral 
planation may be found above present floodplain levels, but of features 
like those pictured by Penek and Meyerhoff there is not a trace. It 
might be argued that the region had been subjected to a tilting uplift so 
that rejuvenation was simultaneous along the whole stream course. To 
some extent this may be true, but it can scarcely be the whole explana- 
tion of the lack of nickpoints and local peneplains along the lower stream 
courses, because the various streams flow in diverse directions and 
therefore could not all have been affected alike by tilting. 

As another example, we may choose a region of relatively high relief 
underlain by crystalline and volcanic rocks having essentially uniform 
resistance to erosion as indicated by its topography—the Salmon River 
“plateau” of Idaho. (See Bayhorse, Custer, Casto, and Coeur D’Alene 
Special quadrangles, Idaho). Here also we find the same condition of 
stream grading and mature dissection over a large area with the valléys 
not particularly wider and with the interstream areas not particularly 
more reduced near the main streams than elsewhere. 

Turn now to an area of low relief and weak sediments such as the coastal 
plain of southern United States. Conditions affecting erosion are essen- 
tially uniform throughout except where complicated by Pleistocene ma- 
rine planation. The Meridian, Mississippi, quadrangle may perhaps serve 
as a fair example. Again we find streams graded throughout and the 
tributary systems well developed. The belts affected by lateral planation 
are wider than in the preceding examples, and the lowering of valley 
sides has progressed farther, but it is obvious that interstream degradation 
is slow compared with the grading of the streams and that local pene- 
plains outside the floodplain meander zones have not been formed along 
their lower courses. 

Finally, as an example of a region where conditions tend to make inter- 
stream lowering especially rapid as compared with stream-bed grading, 
and where, therefore, conditions would seem to be most favorable for the 
development of the forms deduced by Penck and Meyerhoff, we may con- 
sider the intermont basins of the southern Appalachians, using the Duck- 
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town Special quadrangle, Tennessee, as the type. The rocks are gneisses, 
schists, and intrusives which are resistant to stream corrasion when un- 
weathered but which break down readily under the chemical action of 
the weather. Here also we find a graded dendritic drainage system and 
a mature topography of moderate relief not much different or farther 
advanced close to the major streams that far back from them. 


Conclusion.—The necessary conclusion from such studies seems to be 
that on uniform rocks the streams of a system grade themselves very 
quickly as compared with the degradation of the interstream areas and 
that nickpoints even if present are evanescent features far too short- 
lived to permit the development of peneplains graded to different levels 
above and below them. Nickpoints are features of the pre-mature stage 
of the cycle. 

If, therefore, a peneplain is uplifted and its streams rejuvenated, their 
courses ordinarily become graded and a mature topography develops 
over the whole region before general degradation succeeds in lowering 
even the interstream areas farthest downstream much more than else- 
where. 


RESULTS OF REJUVENATION—RETREAT VERSUS DISSECTION OF VALLEY WALLS 


If a region has progressed to the old-age or to the peneplain stage 
of the cycle and has been rejuvenated, we seem justified on the basis 
of the foregoing discussion in concluding that the drainage system will 
again, as in the first instance, quickly re-grade itself throughout its 
course to the new base level. Because stream-bed downcutting is very 
rapid in comparison with interstream degradation, this re-grading will 
be accomplished before extensive modifications have occurred in any 
part of the interstream areas.’ The results will be a system of valleys 
within valleys (Fig. 2). Under some conditions of rejuvenation, nick- 
points in the stream profiles would be formed, but, as already explained, 
they would be relatively short-lived and would ordinarily have been 
eliminated before the interstream areas had been greatly altered. 

In contrast to the above concept is that set forth by the school of 
thought represented by Penck (1924, 1925) and Meyerhoff. This con- 
cept has been most clearly explained by Meyerhoff (1927-1928) who, 
in his report on “The Erosional Landforms of Eastern and Southern 
Vermont” has developed in considerable detail the effects of repeated 
rejuvenations and has applied them in explanation of the fourteen 
erosion surfaces or terraces that he recognized in New England. He 


® This, of course, presupposes uniform rocks. The question has been raised as to how the amount 
of uplift (relief above base level) would influence the result. The evidence from topographic maps 
as illustrated by the examples cited in preceding paragraphs indicates that it is not a decisive factor, 
but the question merits further study. 
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argues that after each rejuvenation the sides of the new valleys retreat 
as scarps above which erosion as in the preceding cycle goes on undis- 
turbed and below which new surfaces are formed at the new base level. 
(See Fig. 1.) In each succeeding cycle a new and lower scarp is started 
on its backward march away from the river on each side while the earlier 
scarps continue their retreat with the erosion surfaces above them un- 
affected by any changes in level below them. 


Ficure 2.—Valleys within valleys as result of rejuvenation 


This “treppen” concept as expounded by Penck and by Meyerhoff re- 
quires that interstream degradation be so rapid as compared with stream- 
bed grading that considerable lowlands can be developed along the lower 
course of a stream while nickpoints still remain in the stream profile and 
the stream is still graded only in its lower course. Our conclusion, based 
on theoretical grounds and on the examples from selected regions cited 
above, is the opposite of this, and consequently one important aspect of the 
“treppen” concept is rejected. 

What of the other aspect—the behavior of the steep slopes which form 
the sides of the inner valleys of a rejuvenated stream? Do they retreat 
parallel to themselves, keeping essentially their original form, or are they 
quickly dissected and merged with the slopes above so that they tend to 
lose their identity before retreating very far? 

As stated in the first paragraph of this section, the conclusion from the 
study of the actual behavior of streams is that after rejuvenation a wave 
of cutting quickly travels, through a drainage system forming a sharply 
intrenched new inner valley within each of the older ones, not only along 
the main stream but also along each of the tributaries. At the top of the 
steep slope of each inner valley is a break in slope or “shoulder” between 
the steeper slope below and the more gently inclined slope above. The 
greater the angular difference between the old slope and the new, the 
greater the prominence of the shoulder. 

During intrenchment of the streams in the new cycle and subsequently, 
wasting (weathering plus sheetwash and creep) proceeds without interrup- 
tion over the whole interstream area, but on the steep slope bordering the 
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inner valley it is much more rapid than elsewhere; consequently that 
slope tends to retreat. But the retreat will not be uniform at the top and 
bottom of the slope, for the shoulder at the top is in an especially vul- 
nerable position while the lower part of the slope is partially protected 
by debris in transit across it. 

Not only is the shoulder in position to suffer maximum attack by 
weathering without protection of a sheet of debris in transit across it, 
but it is even more vulnerable to the attack of running water in concen- 
trated gully-forming streams, for water flowing as unconcentrated sheet- 
wash, too feeble to cut definite channels for itself on the gentler slopes 
above, will gain cutting power as it crosses the shoulder at ar increased 
gradient and will there begin to cut gullies. These will be much more 
closely spaced than the tributary streams in the earlier cycle because the 
spacing of the latter must have been the result of integration and adjust- 
ment to the continually decreasing slopes of the earlier cycle, while the 
gullies represent renewed cutting power on the steepened slopes of the 
new cycle. Also, the greater the uplift the more rapid the destruction of 
the shoulder. 

Thus a system of closely-spaced gullies will develop at the shoulder 
and will be effective agents for its dissection because supplied with water 
not only from their own area but from the slopes above. : 

While the shoulder is being attacked by gullies each of which not only 
trenches it but exposes along the steep gully sides fresh material to be 
attacked by weathering and removed by sheetwash and creep, the intra- 
gully parts of the old valley slope may tend to retreat parallel to them- 
selves, but as they do so the steep part of the slope will be continually 
shortened at the base because sufficient gradient must be provided from 
the foot of the slope to the master stream so that the debris derived 
from the slope and from the actively eroding shoulder at its top can be 
carried to the master stream. Being thus encroached upon by what is 
essentially a fan or pediment slope at the base, and being selectively most 
actively eroded at the shoulder at the top, the former walls of the re- 
juvenated valley should gradually lose their steepness. The shoulder 
should become intricately dissected and should gradually disappear so 
that ultimately the slopes of the rejuvenated valley would merge im- 
perceptibly into the older slopes above. 

Davis (1932, p. 408-409), in discussing Penck’s ideas, comes to similar 
conclusions as to the greater retreat of the upper parts of the slopes of the 
inner valleys of rejuvenated streams and as to the impossibility of the 
valley sides retreating parallel to themselves with essentially constant 
slope. 


— 
— 
+ 
+ 
A 
i 
| 


THE TREPPEN CONCEPT 1713 


We are thus forced to reject the second principal aspect of the “treppen” 
concept and consequently to conclude that the scheme is invalid and that 
it does not correctly picture the results of rejuvenation or of repeated 
rejuvenations.* 

Instead, our analysis indicates that streams reduce their channels to 
grade much more rapidly than the interstream areas are lowered; that 
after rejuvenation the old surface of a preceding cycle is quickly dis- 
sected by a maze of valleys intrenched in the bottoms of pre-existing 
more or less broad and shallow valleys; that the shoulders at the junctions 
of the steep slopes of the newer inner valleys with the gentler slopes of the 
old valleys are particularly vulnerable and are rapidly dissected and 
finally eliminated so that in time a new graded slope is developed upward 
from the master streams to the divides. 

In the earlier stages of dissection after rejuvenation the shoulders, or 
their dissected remnants, would furnish reliable evidence of the former 
gradation surface, but after they had been thoroughly dissected or elimi- 
nated as above outlined no reliable markers would remain by which the 
base levels of any preceding cycles could be determined. 

As to the retreat of escarpments parallel with themselves, keeping 
essentially their original angles of slope as visualized in the “treppen” 
concept, our analysis indicates that such retreat cannot be the normal 
result of rejuvenation in a region of uniform rocks. 

Special conditions are believed necessary to permit a scarp to retreat 
parallel to itself with a constant angle of slope. Among them may be 
mentioned: (1) a resistant cap rock which effectively prevents rounding 
off of the top of the scarp in the manner outlined above and which can 
be undermined or sapped to maintain the steep slope; (2) conditions, such 
as differences in moisture, which permit more rapid weathering near the 
base of a scarp than near the top, combined with effective removal of the 
debris from the base; or, perhaps, (3) materials of a particular type 
resistant to weathering but finally breaking up to fine-grained debris which 
can be carried away on low slopes by sheetwash. In a moist climate with 
vegetation cover and on ordinary uniform rocks none of these conditions 
exist. The scarp or the shoulder in a two-cycle valley must therefore be 
reduced to a slope of gentler inclination and ultimately effaced, as witness 
any road cut (provided no sod is present to act as a resistant cap) or any 
relatively old bluff bordering a stream terrace. 


4 Where a large river cuts to grade, widens its valley by lateral cutting, is rejuvenated, grades itself 
to a new level, then cuts laterally again, a series of stair-like rock terraces may be produced whose 
only limit as to number of “‘steps’’ is the number of rejuvenations the stream has suffered and the 
endurance of the older scarps. Such steps can occur only where a river is large enough and its banks 
weak or low enough to permit lateral cutting to become a dominant factor. A valley formed in this 
way will have step-like walls, but they will be products of lateral stream-cutting and not of scarp 
retreat as called for by the ‘‘treppen’ concept. This distinction should be kept clearly in mind. 
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CONCLUSION AS TO MULTIPLE EROSION SURFACES 
If the foregoing arguments are sound, we must conclude that: 


(1) Many of the criteria heretofore used in establishing large numbers of super- 
posed erosion surfaces are not valid and that, therefore, it is doubtful if so many 
remnants of former surfaces actually exist. 

(2) Theoretical considerations are strongly opposed to the idea that remnants of 
older surfaces of more than one or possibly, in rare cases, two cycles advanced beyond 
maturity, can exist in a region of uniform rocks® 

(3) The difficulties cannot be escaped by resorting to the “treppen” concept—the 
retreat of scarps separating terrace-like flats. 

(4) If the multiple surfaces are real they must have been formed by some process 
other than sub-aerial peneplanation to progressively lower base levels. Such a possible 
agency is presented in the following section. 


BURIED AND RESURRECTED SURFACES 
GENERAL STATEMENT 


Erosion surfaces separated by small vertical intervals that might be 
erroneously interpreted as multiple sub-aerial peneplains may be formed 
in several ways that do not encounter the theoreticai objections already 
urged against multiple sub-aerial peneplains. Among these may be men- 
tioned marine planation, the formation of pediments under arid conditions, 
stripping of resistant beds of horizontal rock, differential erosion in a 
single cycle of rocks of unequal resistance, and the stripping or resurrection 
of surfaces, formed in any of these ways, that had been buried under a 
protecting blanket of sediments (stripping of unconformities). 

Processes such as stripping of resistant rocks and differential erosion 
on rocks of unequal resistance need no further comment. Surfaces so 
produced are well known and should be recognized readily if the relation 
between surface form and rock character is observed. 

But surfaces formed by any process that leads to their burial as soon 
as they are formed deserve special consideration in this connection. Such 
processes are: (1) planation by the waves of an advancing sea; (2) pedi- 
ment formation (sub-alluvial bench of Lawson, 1915); and (3) general 
denudation under conditions where alluvium encroaches on the denuded 
land, as, for example, where the land is intermittently sinking. 

Surfaces produced by these processes may exist in considerable numbers 
with short vertical intervals between them. They may later be revealed 
essentially simultaneously by uplift and stripping of the cover of weak 
sediments that has protected them. The land forms revealed after strip- 
ping would so closely resemble those described by some of the advocates 
of multiple peneplains that the possibility of burial and resurrection must 
be considered carefully wherever multiple surfaces are encountered. In 
fact, multiple surfaces are so natural a consequence of burial and resur- 


5 This does not include straths formed by lateral stream planation or aggradation, several of which 
are admittedly possible. 
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rection and are so unlikely a consequence of sub-aerial peneplanation that 
wherever they are found the burial hypothesis merits first consideration. 


BURIAL AND RESURRECTION OF MARINE TERRACES 


An encroaching sea, provided it does not encroach at a uniform rate, 
presents ideal conditions for the formation of a series of rock-cut benches 
and for their preservation until such time as they may be resurrected by 
the removal of their sedimentary cover. Whether the land sinks or sea 
level rises spasmodically, the waves would cut a series of terraces, each 
of which would be buried and preserved as the sea advanced. 

In plan, each of these terraces might be relatively simple, paralleling 
the general trend of the coastline, or they might be quite irregular, in a 
contour-like fashion, provided the land surface over which the sea ad- 
vanced was broadly irregular. In that event the terraces would extend far 
up each of the bays that occupied the broader valleys and would border 
each of them. Successive terraces would tend to have similar patterns, 
and a series of them would produce a stair-like feature. The width of the 
treads of the terraced stairway would be variable and would depend on 
the regional slope of the land being invaded, on the length of time between 
crustal movements, and on the amount of change in sea level between any 
two periods of terrace-cutting. 

The question might arise as to whether one could distinguish marine 
terraces formed by an advancing sea and resurrected by stripping from 
terraces formed later during an intermittent withdrawal. 

If, during the advance, the relief of the land were sufficiently great and 
of sufficiently coarse texture so that bays large enough to permit effective 
wave action along their borders were present, a highly sinuous pattern of 
terraces would be formed. On retreat of the sea from the same area after 
the bays had been filled and the sea-bottom smoothed with sediment, 
the shore line at the beginning of a still-stand would be relatively straight. 
As the sea cliffs were pushed back, headlands on the harder rocks would 
be uncovered, but the waves would not be likely to re-excavate the sinuous 
| patterns of the original bays because the abundant supply of weak sedi- 
; ments between headlands would consume the wave energy in breaking on 
shallow, sandy beaches occupying the positions of the former bays. After 
és the waves of a retreating sea had cut a series of such shore terraces marked 
by cliffs at the headlands where the hard rocks had been uncovered and 
by sand beaches elsewhere, and after all the weak sediments had been 
stripped away by erosion, the rock terraces formed by the retreating sea 
might be distinguishable from those formed by the advancing sea by 
being confined to exposed headlands while those formed by the advancing 
sea followed the original outlines of the bays. 
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Another possible difference which might permit determination of whether 
terraces were formed by an advancing sea or by one in retreat would be 
the relative degree of erosion of the higher and of the lower members of 
a series of terraces. If formed by an advancing sea, buried by sediments 
and later stripped more or less simultaneously, the terraces should show 
only moderate differences in the amount of sub-aerial dissection. If, how- 
ever, the terraces were formed by wave-cutting during halts of a retreat- 
ing sea, the higher and earlier ones should be notably more dissected than 
the lower and later ones. 

The difficulty of determining whether such terraces were cut by an ad- 
vancing or by a retreating sea is rendered even greater by the fact that 
terraces may have been formed during both advance and retreat. In fact, 
it is likely that such would be the case if both movements were inter- 
mittent. 

The foregoing discussion bears on the problem of the origin of the 
erosion surfaces of New England and of the eastern base of the Appa- 
lachians and the Piedmont plateau. 

Barrell (1913, 1920) recognized several surfaces, rising step-like one 
above another, and attributed them to marine planation by the waves 
of an intermittently retreating sea which reached its maximum extension 
and cut its highest terrace in Cretaceous time. 

Meyerhoff (1927-1928) describes fourteen surfaces (calling them ter- 
races rather than peneplains) which he believes can be traced across 
southern New England and up the larger valleys, particularly that of the 
Connecticut. He correlates these surfaces, in the main, with those recog- 
nized by Barrell but believes that they are of subaerial rather than of 
marine origin. Against Barrell’s idea that the surfaces were cut by the 
waves of a retreating sea, he advances physiographic arguments to the 
effect that, inasmuch as the terraces extend up the broader valleys, a long 
period of uplift and sub-aerial erosion must have intervened between each 
of the terrace-forming periods to have permitted the formation of the val- 
leys, and this must have been followed by subsidence to admit the sea. 
This, he believes, calls for an unreasonably complex series of changes in 
level. 

Bascom (1921) and Knopf (1924, 1929) describe numerous erosion sur- 
faces at small vertical intervals in the New Jersey-Pennsylvania-Mary- 
land section of the ~’edmont and eastern Appalachians, attributing them 
mainly to sub-aerial denudation but admitting their possible marine 
origin in part. 

Thus several authors agree that a series of closely-spaced erosion sur- 
faces or terraces exists in New England and along.the Atlantic seaboard 
farther south. In this paper, arguments have been advanced to show that 
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such surfaces cannot reasonably be explained as successive partial pene- 
plains formed by sub-aerial erosion because they are too numerous and 
too closely spaced. Meyerhoff has argued that they cannot have been 
formed by the waves of a retreating sea. None of these objections ap- 
plies to the hypothesis that they were formed by the waves of an ad- 
vancing sea, were buried, and later revealed by stripping. It would 
seem that the problem should be re-examined with that possibility in 
mind. 

Objection to such an interpretation might be raised on the score that 
such extensive stripping could not have occurred without leaving remnant 
patches of the sediments. This objection does not seem insuperable be- 
cause the differences in rate of erosion between unconsolidated sediments 
and most crystalline rocks is so great that all traces of the sediments 
might be removed before the hard rocks were greatly affected. 

A more serious objection lies in the general geological history of the 
region. The waves of the Cretaceous sea are generally supposed to have 
advanced over a peneplain and, if so, the valleys in which the lower ter- 
races occur could not have been in existence when that sea advanced. On 
the other hand, the Miocene (?) plant-bearing beds near Brandon, Ver- 
mont, only about 500 feet above sea level (Perkins, 1905) indicate that 
at that time the larger topographic features of New England were already 
in existence. It seems possible that the physiographic history of New 
England has been more complex than is generally supposed and that sub- 
mergence may have occurred after some of the larger relief features had 
already been formed by sub-aerial erosion. The reported horizontality 
of the terraces at the present time is difficult to explain under any hy- 
pothesis, for not only has the area been notably uplifted but also it has 
been tilted southward since the withdrawal of the Pleistocene glaciers. 


BURIAL AND RESURRECTION OF SURFACES FORMED ADJACENT TO AN AGGRADING 
STRUCTURAL BASIN OR MOUNTAIN RANGE 


The aggrading basin is most commonly found in arid lands, and it is 
there that multiple erosion surfaces formed in connection with such basins 
are most common and best developed. In a humid climate a structural 
basin commonly fills with water until an outlet is reached, so that the 
condition of a steadily or intermittently rising base level essential to the 
formation and burial of multiple surfaces is not generally fulfilled unless 
subsidence occurs. 

In a desert basin, however, not only does the base level rise as erosion 
proceeds but, also, on account of the tendency toward overloading of 
streams, lateral cutting assumes a dominant role so that clear-cut erosion 
surfaces and pediments are developed around the basin on an extensive 
scale. Lawson (1915) has clearly described the process by which such 
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surfaces are formed around a desert basin and progressively buried. As 
mountain erosion and basin filling proceed, differences in rock resistance, 
in situation with respect to laterally shifting streams, faulting, and other 
disturbing factors might lead to the formation of sub-alluvial benches, 
all of them more or less sloping at several different elevations. 

Whether these benches would surround the basin as relatively simple 
rings or would form complex contouring terraces extending far up the 
valleys of tributary streams would depend on the degree to which low- 
gradient tributary valleys were developed around the basin. This, in 
turn, would depend partly on climate, partly on rock character, and prob- 
ably also partly on structure. 

Whether, in either case, the benches are wide or narrow, gently sloping, 
or relatively steep, would depend on the balance between rate of alluvia- 
tion and rate of wasting. Relatively rapid alluviation and rise of base 
level would in all instances produce relatively steep and narrow benches. 

The encroachment of alluviation on a wasting mountain range does not 
necessarily require a desert basin. If a range is faulted or otherwise raised 
sharply above its surroundings in an arid or semi-arid region, its debris 
may encroach on its borders and bury incipient erosion surfaces or pedi- 
ments as in the desert basin. 

Also, a mountainous region may subside so that alluvium encroaches 
around its borders. In this event also, local erosion surfaces, of whatever 
origin, formed around the borders of the highland will be buried and 
preserved. 

If highlands that under any of these conditions have been partly buried 
under their own debris are uplifted so that the alluvial cover can be stripped 
off, all the local erosion surfaces formed during their burial will be re- 
vealed, and their exposure will usually occur in reverse order of their 
formation. The youngest surface will be the one that was in process of 
formation on the exposed summit of the range when it was uplifted. The 
last one to be revealed by stripping is likely to be the first formed as the 
alluvium began to encroach on the range. The youngest (and highest) 
surface, being the first to be exposed to dissection in a new cycle, may 
well be the one most nearly destroyed by post-uplift erosion. 

APPLICATION OF HYPOTHESIS OF PROGRESSIVE BURIAL AND STRIPPING TO THE 

ROCKY MOUNTAIN REGION 

In a region such as the Rocky Mountains where a complex system of 
mountains and basins has been undergoing diverse structural movements 
over a long period during which the ranges were uplifted and eroded while 
the adjoining basins were being depressed and filled—and perhaps later 
re-elevated—abundant opportunity must have been afforded for the for- 
mation of local erosion surfaces and their burial and later resurrection as 
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already outlined. Throughout much of the Tertiary period the region 
was one of crustal unrest with local erosion and basin filling, and near 
the close of that period it experienced a broad regional uplift which has 
placed almost the whole of it in a regimen of erosion which is now stripping 


’ the sedimentary filling from the basins and revealing many of the buried 


erosion surfaces. 

Therefore in a physiographic study of any portion of the region, as for 
example the Front Range of Colorado, serious consideration should be 
given the possibility that during earlier stages of its development the 
range may have been partially buried under its own debris so that only 
a subdued old-age mountain mass, bordered by sloping pediments, rose 
above broad alluvial plains concealing sub-alluvial benches at various 
levels along the borders of the hard-rock area. If such has been the 
history of the range, followed by uplift and stripping, the highest 
surface on its summit may actually be the youngest (not counting the 
straths formed along the larger valleys during the present post-uplift dis- 
section), and instead of dating from early Eocene, as Van Tuyl and 
Lovering have supposed, it may date from late Miocene or early Pliocene 
when the great uplift occurred which spread the mantle of Tertiary gravels 
over the “High Plains” east of the mountains and inaugurated the present 
cycle of active erosion.® 

According to this conception, the range was, before the uplift, an old-age 
mountain region with relief of 2000 to 3000 feet or more and with prevail- 
ing slopes in the higher parts of 200 to 500 feet per mile such as those on 
the summit areas (‘“Flattop peneplain’”’) today. The land sloped generally 
away from the crest, and around its borders and on areas of weaker rocks 
within it were sloping pediments and in places considerable accumulations 
of gravel such as those now found on the divide north of Pikes Peak (Pikes 
Peak folio) near the old railroad stations of Divide and Summit. Some 
of the pediments probably merged into sub-alluvial benches where they 
met the encroaching gravels, and the gravels extended on a graded slope 
out from the mountain borders to the remnants (since separated from 
the mountains by many miles of subsequent lowlands) now found as moun- 
tainward-facing cuestas on the “High Plains.” 

This conception calls for only one major “peneplain” in the region— 
the “Rocky Mountain peneplain” of Lee (1923) and Davis (1911)—whose 
period of formation was brought to a close by the late Miocene-Pliocene 
regional uplift. The numerous erosion surfaces described by Van Tuyl 


® Whether the gravels were spread over the plains before the uplift or were spread as a great alluvial 
apron immediately following the uplift is an important question which, however, does not vitally affect 
the present problem. The gravels may represent earlier accumulations on the pre-uplift old-age 
erosion surface (Rocky Mountain peneplain) that were quickly stripped off, greatly overloading the 
streams for some time after the uplift. 
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and Lovering, insofar as they are real, would fall into place as parts of this 
one surface lying at progressively higher levels toward the crest of the 
range; as remnants of pediments associated with that surface; in part, as 
surfaces revealed by the stripping in the present cycle, of Paleozoic, Meso- 
zoic, or Tertiary sedimentary rocks; in part surfaces revealed by stripping 
of alluvial deposits that buried parts of the borders of the range during 
earlier stages of its degradation; and in part as surfaces differentially 
etched out of areas of weaker rocks during the present cycle. 

The above concept is commended to the careful consideration of physio- 
graphic workers in the region. It is based not only on analysis but also 
on fairly extensive field observations. Adequate presentation of the evi- 
dence would, however, require the introduction of much local detail that 
must be reserved for a separate paper. 


SUMMARY OF CONCLUSIONS 


Analysis of the criteria used for determining the numerous erosion sur- 
faces that have been announced by a growing number of physiographers 
leads to the conclusion that most of the criteria are of doubtful value; 
that some, such as accordant elevations of isolated hilltops, are definitely 
unsound; and that, therefore, peneplains based on these criteria are highly 
questionable. 

In addition to using faulty criteria, many of the sponsors of numerous 
peneplains have failed to correlate their erosion surfaces closely with the 
character of the underlying rock so that their whole work becomes ques- 
tionable. As sub-aerial peneplains are essentially products of interstream 
degradation, and as this depends closely on the nature of the underlying 
rock, a physiographic treatment of a region of diverse rocks without de- 
tailed correlation between surface and underlying rock is essentially a 
physiographic treatment with the most important factor left out. 

Analysis of the way in which peneplains are formed and of the processes 
by which they are modified when uplifted leads to the conclusion that 
numerous surfaces one above another cannot be produced and main- 
tained by normal sub-aerial erosive processes, and that, on uniform rocks, 
a series of sub-aerial erosion terraces retreating step-like from a master 
stream is likewise a physiographic improbability. 

Insofar as the numerous erosion surfaces described are real, their origin 
must be sought in something other than sub-aerial denudation to inter- 
mittently lowered base level. 

On principle, such step-like surfaces could be formed in relation to inter- 
mittently rising base level due either to alluviation or to sea encroach- 
ment. They could then be preserved indefinitely by burial beneath an 
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alluvial blanket to be resurrected and exposed whenever uplift might per- 
mit stripping of the sedimentary cover. 

Physiographic science is not to be advanced by the announcement of 
peneplains unless their existence and character are reasonably sure. If 
more than two or three multiple surfaces can actually be established in a 
region, their very multiplicity is presumptive evidence that they are not 
sub-aerial erosion surfaces graded to a periodically lowered base level and 
should put the investigator on guard for evidence of correlation with 
structure or rock resistance, of resurrection by stripping of a sedimentary 
cover, or of formation with respect to a rising base level either by the 
waves of an advancing sea or by sub-aerial wasting and pediment forma- 
tion around the margins of a basin. 
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ABSTRACT 


The literature concerning quartz deformation is reviewed, and the different theories 
are briefly compared. Two types of experiments have been performed on quartz 
single crystals in the attempt to produce plastic flow. The highest pressures avail- 
able in the laboratory (maximum pressure, ca. 138,000 atmospheres) do not produce 
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a measurable degree of plasticity, unless undulatory extinction may be so considered. 
High-temperature experiments show the tendency of quartz to fracture into needles, 
governed by the crystallographic properties of the quartz. A very striking correla- 
tion is observed between the experimental data and Sander’s observations of major 
uniformities in his petrofabric studies of S-tectonites. From this is developed a 
working hypothesis of the mechanism of orientation of quartz in S-tectonites. 


INTRODUCTION 


Geologists have long known from microscopic study of deformed rocks 
that quartz has been mobile to a high degree. Examples of the type of 
evidence observed are: (1) undulatory extinction, commonly termed 
“strain shadows”, and (2) the distribution of quartz around garnets in 
highly deformed schists in a manner suggesting deposition from solution 
in the zones of least pressure. More recently, with the advent of petro- 
fabric analysis, quartz has been found to possess a very high degree of 
preferred orientation in many metamorphic terrains. 

Hypotheses as to the mechanism of quartz mobility have been as 
varied and as vehemently supported and denied as hypotheses regarding 
the origin of schistosity and its relation to the causal forces. Whether 
quartz is really plastic at high pressures and temperatures or whether 
the observed mobility is only an “apparent plasticity” is as much of 
a moot question today as it was 50 years ago. There are three reasons 
for this continuing controversy: 


1. Reliable men studying the same phenomena have often recorded apparently 
contradictory observations. 

2. During the development of a metamorphic rock its environment (conditions of 
pressure, temperature, and solutions) may change greatly in ways that we can 
not evaluate. Using different assumptions as to environmental conditions, 
antithetical conclusions may be reached from the same set of observed facts. 


3. It has been impossible to observe plastic deformation of quartz under controlled 
conditions in the laboratory, except Dauphiné twinning, which can produce only 
a very limited change of shape in quartz (Schubnikow, 1932). 


The conflicting viewpoints induced the senior author to attempt to 
produce plastic deformation of quartz in the laboratory using the recently 
developed technique of Bridgman which permits research at much higher 
pressure than was ever before attainable. Another series of exploratory 
experiments were made under conditions of elevated temperatures at 
moderate pressures, and in the presence of solutions. It was hoped that 
results could be obtained under controlled conditions which could be 
correlated with geological observations and thus give a clue to the 
mechanism of quartz deformation. 

This article is intended to summarize and evaluate the literature 
pertaining to the deformation of quartz (a survey carried out by the 
junior author); to present the latest data from laboratory experiments 
on quartz; to describe certain fracture phenomena observed in these 


} | 
| 
| 
| 
| 
| 


INTRODUCTION 1725 


experiments; and to discuss the possible value of these phenomena in 
interpreting the preferred orientation of quartz in deformed rocks. 
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HISTORY OF THE THEORIES OF QUARTZ DEFORMATION 


The problem of the behavior of quartz during deformation had been one 
of minor interest to petrographers and structural geologists until the 
awakening of interest during the last decade in the study of preferred 
orientations of quartz in relation to the structure and metamorphic history 
of rocks. The pioneer workers in this field recognized the complexity of 
the problem of quartz deformation and made certain assumptions which 
served as a rational basis for the interpretation of their preferred orienta- 
tions. They admitted these assumptions might prove false and did not 
enter them in the literature as facts, but unfortunately many later 
workers have accepted them without question. As a result the literature 
is more and more frequently burdened with positive but unwarranted 
statements regarding various translation-gliding systems in quartz, and 
mere hypotheses are made to appear as facts. Some of these statements 
are based only upon the orientation of the quartz in deformed rocks and 
do not consider the crystal structure of the mineral, where in all prob- 
ability the correct answer will eventually be found. 
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Three features are most often described in connection with the real or 
apparent plasticity of quartz: 

1. Undulatory extinction (Strain shadows). 

2. So-called Boehm lamellae. 

3. Grains which appear to have been bent. 

These appear alone or in any combination. 

Boehm (1883) described a series of mica, chlorite, and hornblende 
schists and gneisses from an area in the northeast extension of the central 
Alps. He noticed that fluid, gaseous, and solid inclusions in the quartz 
were often concentrated along certain planes. In many quartz grains 
he observed an apparent fine lamellation which, under high magnification, 
proved to be parallel lines of inclusions. Some of these lines of inclusions 
were confined to individual grains while others cut’ through several 
neighboring grains without deflection. It was from this simple and clear- 
cut description that apparent lamellae in quartz became known as Boehm 
lamellae. 

Becke (1892) described a gneiss from the central Alps which contained 
quartz with undulatory extinction and a series of lamellae oriented within 
30° of the basal plane of the crystals. According to him, these lamellae 
had an index of refraction slightly lower than the other parts of the 
grains. Because many of these lamellae seemed to be composed of 
inclusions, Becke concluded that they were incompletely healed fractures. 

Muegge (1896) described a quartz porphyry from Westfalen. The 
quartz in this rock showed undulatory extinction and the so-called Boehm 
lamellae. He noticed that the zones of undulatory extinction were sub- 
parallel to the c axis of the grains and that the lamellae were normal to 
these zones of extinction. He showed a definite relation between the bending 
of these lamellae and the direction of the rotation of the extinction position 
in the grain. He concluded that the Boehm lamellae were the traces of 
translation-gliding planes in the quartz and that bend-gliding along 
these planes accounted in part for the undulatory extinction. He showed 
that the planes whose traces were the Boehm lamellae fluctuated from 
that of the base to planes making an angle of about 30° to the base. 
The fact that these translation-gliding planes did not have rational indices 
was attributed to the fact that the cohesion of quartz was so nearly alike 
in various directions that the orientation of the forces could affect the 
position of the glide planes. 

In a study of the morphology of rock quartz Holmquist (1926) described 
the so-called Boehm lamellae in some Swedish granites. He found that 
they were bent and were the traces of planes somewhere near the base 
and, although he wanted to attribute them to translation-gliding, he was 
not certain that they were not a purely ruptural phenomenon. 

The next important description of Boehm lamellae was by Sander 
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(1930, p. 175 et seq.). He found Boehm lamellae in a mica schist and in 
a quartzite and carried out universal stage measurements to determine 
their orientation. The angle between the normal to these planes and 
the c axis of the grains varied between 6° and 30° with the most frequent 
value at about 22°. Sander also found that there was a fairly good 
correlation between the orientation of these planes and the orientation of 
the basal planes of the micas in the same rock. From this fact he con- 
cluded that the Boehm lamellae were planes making an angle of about 
22° with the basal plane of quartz which functioned as a translation- 
gliding plane. 

In the 55 years since their discovery, the following facts have been 
learned about Boehm lamellae: 

(1) They occur only in deformed rocks. 

(2) They are the traces of planes in the neighborhood of the basal plane. 

(3) They are often composed of inclusions; some are associated with minute 


fractures and, in section, appear to be lines with a slightly lower index of 
refraction than the including grain. 


It is still uncertain whether they are the traces of translation-gliding 
planes or an indication of ruptural deformation of quartz. 

In his work on zones of undulatory extinction in quartz grains Muegge 
recognized the fact that they are often sub-parallel to the c axis of the 
grains. He attributed this optical inhomogeneity of the grain to elastic 
distortion followed by plastic flow with bend-gliding on the planes of 
the Boehm lamellae. He measured differences of 20° in the extinction 
position of many of these grains. Salomon (1897) observed quartz 
grains showing undulatory extinction in an Alpine gneiss and found that 
the extinction position varied by as much as 57°. Since he found no 
trace of fracture in these grains, he concluded that quartz could undergo 
a plastic deformation which would displace the c axes by at least 57°. 
He visualized this phenomenon as due to torsion of some sort. Milch 
(1900) also concluded that undulatory extinction was an expression of 
the plastic deformation of quartz and that subsequent recrystallization 
would not destroy the undulatory extinction. Weinshenk (1902) concluded 
that quartz was brittle and would not deform plastically. He believed that 
the zones of undulatory extinction were bounded by fractures. Holmquist 
(1926) showed that the zones of undulatory extinction were sometimes 
perpendicular as well as parallel to the c axis; he also described undulatory 
extinction zones whose boundaries were bent. He concluded that undula- 
tory extinction could best be explained by bend-gliding on the base and on 
the prism faces. Sander (1930) came to the conclusion that undulatory ex- 
tinction in quartz was always parallel to the c axis of the grains and was 
the beginning of ruptural disintegration which broke the quartz up into 
fine needles elongated parallel to the crystallographic c axis. 
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Sander made the first quantitative measurements of the actual dis- 
placement of the c axes in grains showing undulatory extinction. It was 
found that the maximum displacement was about 40° in many grains and 
as much as 70° in some grains. The direction of displacement was not 
constant, often undergoing several reversals within one grain. Displace- 
ments of this magnitude are difficult to explain by plastic deformation, 
especially in grains whose outlines do not seem greatly distorted. 

Undulatory extinction is due to a displacement of the optic axes of 
the grains. The boundaries of the zones of undulatory extinction run 
parallel and perpendicular to the optic axes of the grains. Whether 
undulatory extinction is an expression of plastic or ruptural failure of 
quartz is not certain. 

Futterer (1890) described a quartz porphyry from the Thiiringerwald. 
He noted quartz grains that were drawn out and sometimes bent and 
attributed this to plastic flow of the quartz. Sederholm (1895) found bent 
quartz grains in a metamorphosed quartz porphyry from Finland. Because 
these grains were fractured, and their ends showed no distortion he con- 
cluded that the plasticity was only apparent and the bending was actu- 
ally due to fracture. Milch (1904) refuted Weinschenk’s statement that ) 
quartz did not deform plastically by describing a quartz grain bent around 
a pebble in a conglomerate. The grain showed undulatory extinction which 
seemed to follow the direction of bending. The measurements of ex- 
tinction positions would not be critical proof of plastic flow in this instance 
because the displacement of the c axes in the third dimension could not 
be determined. It is also note-worthy that undulatory extinction of the 
magnitude which Milch measured in his bent grain occurs in grains that 
show no evidence of bending. In 1930 Sander published a photomicro- 
graph of a quartz grain in a gneiss which is bent between two grains of 
feldspar (Sander, p. 174). He attributes this bending to plastic de- 
formation by bend-gliding on the planes of the so-called Boehm lamellae. 
He unfortunately does not give any quantitative data about the dis- 
placement of the optic axis in this grain. 

From the foregoing it is clear that even bent quartz grains are not a 
positive indication of the plastic deformation of quartz. 


EXPERIMENTAL ATTEMPTS TO PRODUCE PLASTICITY IN QUARTZ a 
HIGH-PRESSURE EXPERIMENTS AT ROOM TEMPERATURE 


In an earlier paper (Griggs, 1936) one of the writers described ex- 
periments on quartz at confining pressures’ up to 12,000 atmospheres 


1 Atmosphere = 1.033 kg/cm*. In this paper hydrostatic confining pressures are expressed in atmos- 
pheres, differential pressures in kg/cm? to avoid confusion. The factor 1.033 is not important, so that 
direct numerical comparison may be used. 
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(equal to a depth of approximately 25 miles in the earth’s crust). No 
plastic deformation was produced in the quartz. It remained brittle and 
elastic up to the moment of fracture. The strength of the quartz was 
increased about 50 per cent by this confining pressure so that the pressure 
in the direction of compression was 46,500 kg/cm. 

The confining pressure in these experiments was transmitted to the 
specimen by a liquid. This hydrostatic pressure was maintained constant 
while a differential stress was applied to the end of the quartz cylinder, 
thus giving an accurate measure of the stress-strain relations. It is 
impossible to produce these conditions in Bridgman’s 50,000 atmosphere 
apparatus, but a makeshift technique was devised which permits rough 
measurements of this type at much higher pressures than in the older 
apparatus. The method is illustrated in Figure 1. 

C and R are Bridgman’s regular high pressure cylinder and supporting 
ring (Bridgman, 1935). The cylinder is closed at the bottom with the 
regular packing on the piston B held in place by the plug A. P, is the 
carboloy piston which transmits the pressure from the hydraulic press, 
and P, is a similar piston acting as a base plate against which the quartz 
is compressed. The quartz specimen Q is surrounded by lead (Pb) in the 
high-pressure chamber. This lead serves as the confining fluid. The 
upper piston is not fitted tightly to the cylinder but has a slight clearance 
(usually a few thousandths of an inch), so that the lead may flow by, 
restricted only by its own shear strength. 

The confining pressure is predetermined for each experiment by a 
proper choice of three variables: (1) the amount of clearance of the upper 
piston, (2) the length of the upper piston within the cylinder, and (3) 
the amount of lead between the quartz cylinder and the lower piston. 
It was difficult to control all these sufficiently well to be able to predict 
accurately the confining pressure at the moment of rupture of the speci- 
men; and, since at all the higher pressures one is near the limiting strength 
of the carboloy pistons, many experiments were performed in which 
insufficient differential pressure was available to break the quartz. 

In an experiment, the force (F) on the piston is increased at a constant 
rate. The lead is continuously squeezed out of the annular opening just 
described until the quartz specimen hits the bottom piston, and then the 
force on the upper piston is split into two components, one of which forces 
the lead out, and the other acts as a differential stress on the quartz. 
The force is increased at a constant rate until the specimen breaks. 

Plotting the motion of the piston against the force on the piston gives 
a curve of the type shown in Figure 2. Here the confining pressure at 
the moment when the quartz came in contact with the lower piston is 
sharply defined as the break in the curve, and the point at which rupture 
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took place is also shown by a sharp break in the curve. The confining 
pressure at the time rupture occurred is obtained approximately by 
extrapolating the lower part of the curve to the piston displacement at 
the time of rupture. Actually, the confining pressure is somewhat lower 
than this value because the deformation is slower after the quartz 
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Ficure 1—Apparatus for investigation 
of quartz deformation under highest 
confining pressures 


Ficure 2—Deformation curve during 
an experiment on a quartz single 
crystal at high pressure 


specimen comes in contact with the lower piston. The flow of lead at 
constant pressure decreases exponentially with time, however, so this 
difference is not great. At the low confining pressure of this experiment, 
there is no possibility of great error by this approximation, and the 
results are fairly clean-cut. At higher confining pressures, however, 
this method introduces great error, and a better approximation is at- 
tempted. There are no rules for this approximation, but several ex- 
periments have been performed under widely varying conditions at 
higher pressures, and the approximation is chosen to make the experiments 
consistent with each other and with the values for lower confining pressure. 

Quartz increases in strength in the same manner as limestone, marble, 
and calcite (Griggs, 1936, p. 558; 1938; p. 30), in spite of the fact that 
their strength increase is thought to be due to strain hardening which, 
of course, is not observed in quartz; and since its strength at atmospheric 
pressure is already very high, the differential stress necessary to cause 
fracture under high confining pressure is colossal. 

Figure 3 shows the variation of strength with increasing confining 
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pressure. The agreement between the new measurements up to 13,000 
atmospheres, the older measurements, and the value at atmospheric 
pressure is shown by the smoothness of the curve through all the points. 
The value for the highest pressure may be out as much as 25 per cent 
either way, but, even if it were 25 per cent lower, it would still be an 
amazingly high strength. The total pressure in the direction of com- 
pression at the moment of rupture is calculated at 138,000 atmospheres. 
If this be thought of as failure by vertical load and lateral relief in the 
earth’s crust, then this would be equivalent to a depth of about 450 
kilometers or 280 miles. Such an interpretation seems untenable, however, 
as such great lateral relief at this depth is inconceivable. There seems 
to be no analogous condition possible in the earth’s crust because of the 
impossibility of producing so great a differential stress. All the senior 
writer feels safe in saying is that quartz has been broken under conditions 
of confining and differential pressure which are both higher than seem 
possible in the granitic shell of the earth. 

It was expected that quartz might behave plastically under high con- 
fining pressure. In all these experiments, however, there was no evidence 
of plastic behavior except the undulatory extinction, which will be dis- 
cussed later. The diameter of the quartz was measured before and after 
the experiment in all except one or two cases. This was made possible 
by the fact that only the upper part of the cylinder was destroyed by 
fracture. A consideration of the pressure conditions in the cylinder 
shows that the confining pressure is least at the top of the high-pressure 
chamber, and the differential pressure is greatest there. It is this value 
of confining and differential pressure which is plotted in Figure 3. Im- 
mediately below the fractured area, the cylinder of quartz was clear and 
undeformed but had been subject to almost as high pressure. Here the 
plastic deformation, if it existed, was below the sensitivity of the microm- 
eter measurements, or less than one tenth of one per cent (one ten-thou- 
sandth of an inch). There was no evidence of translation-gliding. 

A further indication of elastic rather than plastic behavior up to the 
moment of rupture is the nature of the stress-strain curve. Figure 2 
shows that the quartz obeys Hooke’s law within the limits of sensitivity 
of the measurements. 

To check the effect of different orientations of the crystallographic 
planes of quartz, experiments were made with the cylinder oriented both 
parallel to the c axis of the quartz crystal and inclined 45° to the c axis. 
The inclined crystals had slightly lower strength, but no other difference 
was noted. 

The main fracturing of the quartz occurs on shearing planes (PI. 1). 
These planes are not very regular and bear no certain relation to the 
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CYLINDER OF QUARTZ SINGLE CRYSTAL 


Broken under high confining pressure. Note 40-degree shear plane and horizontal sheet- 
ing. Direction of compression vertical. x 20. 
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crystallographic planes of quartz. The angle between the shear surfeces 
and the direction of compression averaged 41°, deviating about 2° from 
this average. 

Another type of fracturing was commonly developed in these tests— 
a sheeting normal to the direction of compression (Pl. 1). Usually the 
specimens on removal from the apparatus were found fractured into 
four or five plates normal to the cylinder axis. Two explanations for 
this effect are possible: (1) The fractures are unloading fractures (ex- 
tension breaks of Bridgman) similar to the sheeting of granite and other 
rocks; or (2) They are due to the tensile forces exerted by the lead when 
the pressure is reduced due to its greater compressibility. This tensile 
force is calculated at about 10,000 atmospheres pressure, which is far 
above the ordinary tensile strength of quartz. In the experiments per- 
formed in liquid, these fractures did not occur, and here no tensile force 
was present. For these reasons it seems that interpretation of the 
fractures as pure tensile breaks resulting from the pull of the lead is the 
most logical conclusion. 


EXPERIMENTS AT MODERATE PRESSURE AND HIGH TEMPERATURE 


In order to see whether the action of solutions at elevated temperatures 
and relatively low confining pressures would produce plasticity in quartz, 
a different type of apparatus was employed. Figure 4 illustrates this 
moderate pressure, high-temperature cylinder. The bomb (B) is made 
of stainless steel to withstand the corrosion of solutions at high tempera- 
ture. The two pistons (P) are in direct contact with the quartz cylinder 
(Q), which is surrounded by the solution (S). The temperature is raised 
by the furnace (R) which surrounds the bomb. Differential pressure is 
applied to the quartz by putting the whole assembly in a hydraulic press 
and applying a force (F) to the pistons. The confining pressure on the 
quartz is not widely variable in this apparatus but is limited to that 
obtainable by the increase of temperature of the solution. In the present 
series of experiments, this confining pressure did not exceed 300 atmos- 
pheres, while the differential pressure was sufficient to produce fracture. 

The technique of this experiment was extremely crude and not well 
adapted to widely varying conditions or to accuracy of measurement. It 
was utilized merely as an exploratory tool into the field of high-pressure, 
high-temperature phenomena which will be more completely investigated 
with more elaborate apparatus later. 

The technique of these experiments is extremely simple. The only 
difficulty was in. developing a packing to keep the pistons leak-proof at 
the high temperature employed. This was done by using an “unsupported 
area” packing of the usual Bridgman type with metal packing only (A). 
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As shown in the sketch, brass cones were used in all places where the 
packing might leak. The packing itself consisted of two washers: one of 
lead, to make the seal at low temperatures, and the other of silver, to 
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Ficure 4.—Apparatus for investigation of quartz deformation under moder- 
ate pressure and at high temperature 


maintain the seal at higher temperature when the lead had melted and 
flowed out. This packing has the disadvantage of causing high friction 
losses during motion of the piston. Consequently, it was impossible to 
get accurate measurements of the differential force on the specimen. 
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The solution selected for these experiments was a 10 percent solution of 
Na.CO;, because of its power of dissolving quartz. The quartz specimens 
were cut in the form of cylinders from flawless single crystals in four 
different crystallographic orientations (parallel to the c axis, normal to c, 
45° to c, and 2244° to c.) Some of the crystals were twinned when 
checked by etching a disc cut adjacent to the end of the cylinder. No 
effect of twinning on the behavior of the specimen was noted. 

The general practice during a run was to assemble the apparatus as 
shown, with the solution filling all the available space (approximately 
one-third of the volume of the quartz specimen). The differential pressure 
was then increased to four or five thousand atmospheres—well below the 
ordinary strength of quartz but sufficient to keep the packing from 
leaking. The temperature was then increased while the differential pres- 
sure was maintained at a constant value. 

In all the experiments the quartz was found fractured on removal 
from the bomb, so that no measurements could be taken to determine 
whether plastic flow had taken place. The measurements of shortening 
taken during the run were unreliable because the displacement of the 
packing confused their interpretation. No plastic flow and no phenomenon 
that could be interpreted as indicating plastic flow were observed. Un- 
dulatory extinction was not observed, as in the high-pressure experiments. 

The quartz was dissolved noticeably by the Na.CO, solution, which 
etched the surface of the cylinders to a depth of a few tenths of a millimeter 
in 2 hours. 

The strength of the quartz was greatly diminished under the conditions 
of these experiments. Instead of the normal strength at room temperature 
and atmospheric pressure—24,000 atmospheres (Sosman, p. 481-482)— 
it was found that at 400°C. and in the presence of the Na,CO, solution 
the quartz cylinders would break under 4000 atmospheres differential 
pressure. Sometimes they would break under constant pressure after 
standing for some time at high temperature, as though the fracture were 
due to dissolving or penetration of the quartz. 

A noteworthy feature of these experiments was the nature of the 
fracture. Under ordinary conditions of temperature and pressure, quartz 
fracture is described as conchoidal—namely, the irregular fracture of an 
extremely brittle material, which can be shown to be in large part tensile 
fractures rapidly propagated. In the present experiments, the nature 
of the fracture wes radically changed, and the most prominent charac- 
teristic was the tendency to fracture roughly parallel to the direction of 
compression, forming needles. The elongate nature of these fragments 
is shown in Plate 2, as contrasted with Plate 3, showing fragments pro- 
duced in normal crushing of quartz. As can be qualitatively seen in 
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Plate 2, the fractures are predominantly smooth, as contrasted to the 
rough conchoidal fracture. In many cases they yield a good reflection, 
similar to an ordinary cleavage face of a mineral, while in others they 
are smooth but irregular. 

Although the fracture is commonly nearly parallel to the direction of 
compression, there are regular deviations controlled by the crystal lattice, 
which are deemed important to geology. The details of these deviations 
and their significance in rock deformation are the nucleus of the second 
part of this paper. 


UNDULATORY EXTINCTION EXPERIMENTALLY PRODUCED 


Examination of the powdered fragments of the quartz cylinders broken 
under the highest pressures shows undulatory extinction in a small per- 
centage of the grains. This phenomenon is especially well shown in the 
specimen broken at the highest pressure, in which many more undulatory 
grains were observed than in any other. 

A small amount of undulatory extinction was produced in a different 
type of experiment. Some quartz powder was put into a small steel 
bomb and the whole was heated to 400° C. The powder was then com- 
pressed at this temperature with a pressure of 20,000 atmospheres. Owing 
to the irregularities of the grains, there were local stress concentrations, 
so that in all probability the pressure exceeded 40,000 atmospheres in cer- 
tain small parts of some grains. Examination of the powder after release 
of the pressure showed undulatory extinction in something less than one 
per cent of the grains. 

The displacement of the optic axis was small, varying from 2 to 7 
degrees, but this might be expected because of the small grain size. 

No trace of undulatory extinction was observed in fragments of the 
high-temperature, moderate-pressure experiments. 

The nature of the observed extinction phenomena varied widely. In 
some grains the extinction passed steadily from one end of the grain to 
the other as the microscope stage was rotated. Some of these grains were 
clear and of nearly uniform thickness as shown by their interference 
colors; others were cut by apparent fractures, which, however, bore no 
relation to the wavy extinction. The grains resisted attrition when 
pressed with a needle under the microscope. 

In other grains, the extinction was definitely related to lines which 
were either fractures or optical discontinuities due to sudden changes in 
crystal orientation. Some of these were easily broken when moved 
around with a needle, the breaks following the lines of discontinuity. 

The zones of extinction were parallel to the crystal c axis in the few 
grains where determination of this relation was possible. 
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NEEDLES PRODUCED BY FRACTURE OF QUARTZ 
At high temperature, moderate pressure, and in the presence of NagCOg solution. Crossed 
nicols, x 28. 
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FRAGMENTS PRODUCED IN POWDERING QUARTZ 
Between two steel plates at room temperature and pressure. Crossed nicols, x 28. 
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The conclusions drawn from these observations is that undulatory ex- 
tinction may be intimately associated with fracture, which may be 
produced at high pressure in such a way that the cohesion of the grains is 
not entirely lost. On the other hand, the fact that it was produced only 
in those experiments where the pressure was very high may be argued to 
indicate some sort of plastic distortion, particularly where the displace- 
ment of the optic axis is continuous and not associated with visible 
fractures. 

Dr. Harry Berman took a Laué photograph of one of the small grains 
showing undulatory extinction. The asterism in the photograph was not 
of sufficient magnitude to prove deformation of the lattice. The variation 
in the extinction angle under the microscope was from 2 to 8 degrees. For 
comparison, another Laué photograph was taken of a fragment of quartz 
from a metamorphosed quartz porphyry, which showed under the micro- 
scope a variation in extinction of 7 degrees. The photograph shows 
strong asterism which, in this one case at least, seems to indicate an axis 
of bending normal to the c axis of the crystal and parallel to the first- 
order prism. The authors are planning a more extended x-ray study 
of undulatory extinction in quartz. 


REGULAR FRACTURE IN QUARTZ AND A POSSIBLE EXPLANATION 
OF PREFERRED ORIENTATION IN S-TECTONITES 


In all the cylinders fractured in the high-temperature experiments, re- 
gardless of crystallographic orientation, needle-like fragments subparallel 
to the cylinder axis were the predominating feature. In order to determine 
whether the deviations from parallelism were significant as indicating 
crystallographic control, a statistical analysis was made of the orientation 
of the c axis with respect to the elongation of the needles. Fragments 
from each cylinder were embedded in balsam and measured on the uni- 
versal stage. It was assumed that the long axis of the fragments lay 
parallel to the surface of the slide. The angle between the axis of the 
needle and the c axis was determined by plotting the universal stage 
readings on a stereographic net and constructing the true angle. Measure- 
ments of 60, 60, 70, and 60 grains were made without selection, from the 
cylinders cut parallel, at 2214°, at 45°, and perpendicular respectively to 
the c axis of the crystal; 11, 12, 19, and 14 of these grains respectively 
were not elongated and were not used for the purpose of this study. 

The values of the angle between the axis of the needle and the c axis 
of the crystal were plotted on the accompanying histograms (Fig. 5). The 
abscissa represents the value of these angles. The ordinate represents 
the per cent of grains per five degrees of the abscissa. 
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Figure 5A shows the orientation of the needles from a cylinder whose 
axis was parallel to the c axis of the crystal. The close parallelism of the 
needle axes and the c axis, or cylinder axis, is significant, by comparison 
with the other cases. Incidentally, this histogram affords complete justi- 
fication for the assumption that the long axis of the needles is in the plane 
of the slide within the limits of universal stage measurement. | 

Figure 5B represents the orientation of needles from a cylinder whose 
axis was inclined 45° to the c axis of the crystal. There is a distinct 
tendency to split parallel to the axis of the cylinder but a still stronger 
tendency to split parallel to the rhombohedral planes, which are only 7° 
from the axis of the cylinder. The shape of the histogram indicates a 
superposition of two fracture effects: (1) the tendency to split parallel to 
the cylinder axis, and (2) the rhombohedral cleavage forming a bounding 
plane of the needle. This explains the sharp drop to the left and the 
gentle slope to the right. 

Figure 5C represents the orientation of needles from a cylinder whose 
axis was perpendicular to the c axis of the crystal. It is seen that the 
majority of the needles make angles of 70° to 90° with the crystal axis. 
The sharp drop in frequency at angles less than 70° may be considered in 
agreement with the observations made on Boehm lamellae, assuming that 
these lamellae are connected with fracture. These planes vary from 
positions parallel to the base to positions about 30° from the base. 

Figure 5D represents the orientation of needles from a cylinder whose 
axis was inclined 2214° to the c axis of the crystal. The orientation of 
the needles is not nearly so concentrated as in the other three examples 
where the axis of the cylinder was nearly parallel to one of the known 
separations of quartz. The tendency to split parallel to the cylinder axis 
causes only a small concentration, and the largest concentration is parallel 
to the rhombohedron, which made an angle of about 16° to the axis of the 
cylinder. 

The smaller concentrations on the histograms may be construed as pure 
chance distribution, but it is an interesting fact that five of these small 
bumps fall in the three positions of the separation planes. For example, 
Figure 5A shows bumps corresponding to the positions of the rhombo- 
hedron and the base. 

The experiments demonstrate that under certain conditions quartz 
breaks up into needle-like fragments. Examination of the crystallo- 
graphic orientation of these needles shows that the quartz tends to develop 
zones of separation parallel or subparallel to the c axis, the unit rhombo- 
hedrons, and the base. Because of the nature of the experiments the 
relative ease of separation in these various directions or planes is not 
shown by our work. There is, however, a fund of experimental evidence 
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Ficure 5.—Histograms 


Representing orientation of fiber axes in cylinders whose axes were 
(A) parallel, (B) inclined 45 degrees, (C) perpendicular, and (D) in- 
clined 22% degrees to the c axis of the quartz crystals. 
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from other sources which indicates that the separation parallel to the 
unit rhombohedrons is a true cleavage. With regard to the other separa- 


tions, Sosman (1927, p. 488) says, 


“Very different are the separations parallel to the prism and to the base. The 
cracks appear perfectly straight, but do not give reflecting surfaces.” 


In an attempt to correlate further the observed separations with the 
crystal structure, a study was made of an atomic crystal model represent- 
ing the crystalline organization of quartz. A packing model constructed 
by Professor M. J. Buerger was used for this study. This model shows 
a prominent sheeting of SiO, groups of comparatively wide spacing and 
weak bonding parallel to the unit rhombohedron, and a less prominent 
sheeting parallel to the base which, however, possesses stronger bonding. 
There is no sheeting parallel to either of the prisms, or any plane parallel 
to the c axis, but there is a large hole in the lattice parallel to c. 

Calculation of the relative bonding strength across the various crystal 
planes shows that bonding is twice as strong across both prisms and the 
base as it is across the rhombohedrons. 

To explain the ease of separation parallel to the c axis, Professor 
Buerger suggests that the inhomogeneities associated with lineage struc- 
ture may be responsible. 

In high-pressure experiments performed several years ago, the senior 
author produced separation in quartz parallel to the c axis which was at 
first considered prismatic. When the angles between the fracture surfaces 
were measured, however, it was found that they varied widely. In some 
cases, the separation surfaces were very irregular. This is experimental 
evidence in support of the above conclusion from study of the crystal 
model. 

If the separation is controlled by the lines of weakness parallel to the c 
axis rather than by any crystallographic plane of weakness, then fracture 
resulting from this separation will be very different from that due to 
cleavage. The fracture surfaces will be expected to be rough and to 
follow no definite plane. Therefore, although needles may readily be 
formed parallel to the c axis, it seems impossible to form needles by an 
intersection of the c separation and the basal separation. With the 
rhombohedral cleavage, however, the c separation would appear as the 
projection of the c axis on the cleavage plane and would be expected to 
form needles parallel to this direction. 

The experiments have shown beyond question the tendency of quartz 
to fracture into needles under certain conditions. From our statistical 
analyses, we have made the induction that the crystallographic zones of 
separation are of prime importance in the formation of these needles. We 
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now proceed to the deduction that it is possible to develop needles in 
quartz whose elongation will be parallel to: 


(1) The crystal c axis. 

(2) The projection of the c axis on any rhombohedron. 
(3) The intersection of any two rhombohedrons. 

(4) The intersection of any rhombohedron with the base. 


Ficure 6.—Stereographic projection of 
quartz crystal 


Base and unit rhombohedrons represented 
by great circles. Dotted lines represent trace 
of c axis on unit rhombohedrons. Points 
represent theoretical needle axes. 


These needles will be bounded respectively by: 


(1) No definite planes. 

(2) The rhombohedral cleavage and an ‘rregular surface parallel to the projection 
of the c axis on this rhombohedron. 

(3) The two intersecting rhombohedral cleavages. 

(4) The rhombohedral cleavage and the basal separation. 


Figure 6 is a stereographic projection of a quartz crystal showing the 
unit rhombohedral planes and the base. This projection differs from the 
crystallographers’ conventions in that planes are represented by great 
circles rather than by points. The needle axes are denoted by dots. 


GEOLOGIC SIGNIFICANCE 


In the S-tectonites—tectonites in which plane surfaces are the pre- 
dominating feature (Sander, 1930, p. 220)—there is a remarkable regu- 
larity in the positions of the quartz maxima with respect to the ab plane 
and the a directign which are the shearing plane and the direction of trans- 
lation respectively, according to the kinematic interpretation of students 
of structural petrology. Sander has made a statistical determination of 
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the positions of these maxima from many S-tectonites and has labelled 
them maxima I, II, III, and IV as shown in Figure 7 (Sander, 1930, p. 
182-183, D 61). Sander believes that the predominating process of 
orientation of quartz in the S-tectonites is one in which the quartz is 
broken down into small needles or fibres elongated parallel to the crystal 


Ficure 7.—Sander’s typical quartz Ficure 8.—Positions of theoretical 
maxima in S-tectonites maxima derived from fracture theory 


c axis. These needles are then supposed to be oriented in the shearing 
plane with their elongation parallel to the direction of movement. He 
then explains the maxima I, II, III, and IV by the action of several shear- 
ing planes, in his kinematic interpretation of rock deformation. 

Schmidt (1932, p. 171 et seq.) , agreeing with the positions of the maxima, 
believes that there is only one shearing plane and one direction of move- 
ment involved in the deformation of the S-tectonites. He interprets the 
maxima as the result of different translation-gliding mechanisms in quartz, 
mainly by analogy with metals. 

It is interesting to examine the implications of our data, making three 
simple assumptions: (1) the needles are oriented with their long direc- 
tion parallel to the a fabric axis; (2) one of the bounding planes of each 
needle comes to lie in the ab plane; (3) the bounding planes are most 
commonly rhombohedral planes, but separation parallel to the crystal c 
axis is common, although not regular, and therefore not considered as a 
bounding plane, and basal planes are more rare. The last of these is more 
than an assumption; it is a hypothesis with considerable experimental 
support. 

For this comparison, it is only necessary to rotate the positions of the 
points shown in Figure 6 so that the bounding planes lie in ab, and then 
rotate in this plane until the needle axis coincides with the a fabric axis. 
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The results of this operation are shown in Figure 8. The resulting points 
are numbered I, II, III, IV, V, and VI. The Miller indices by each point 
represent the intersecting planes which produced the needle, the first 
being the plane which was rotated into the ab position. 

Comparison of Figures 7 and 8 shows a remarkable correlation of the 
positions of maxima, I, II, III, and IV. The differences in these posi- 
tions is well within the limits of Sander’s observational error. In addi- 
tion, Sander has described a rare maximum in the e fabric axis, which 
coincides with our point V. This is in agreement with the hypothesis that 
basal separation is less common with rhombohedral cleavage. A close 
examination of the diagrams from which Sander derived his point maxima 
I, II, III, and IV shows in several cases a widening of the maxima III 
and V which sometimes spread so as to form a cross-girdle (Sander, p. 35, 
40-43). Sander explains this as an inter-action or spreading of the 
maxima III and IV, but it can equally well be explained by the existence 
of a new point maximum in the position of point VI. 

Therefore we can say that by using our hypothesis of c a: is separation 
and the relative infrequence of basal separation as compared to this and 
rhombohedral cleavage and by making two simple assumptions agreeing 
in principle with Sander’s chief hypothesis, our experimental data show 
a remarkably good correlation with the uniformities of quartz orientation 
as observed by Sander in S-tectonites. We realize that the process so 
defined is probably not the only one which operates to produce preferred 
orientations of quartz. However, we feel that this correlation warrants 
the consideration of this process as a working hypothesis. 

The fact that Sander’s maxima I, II, III, and IV appear alone or in any 
combination in S-tectonites is a point which our hypothesis cannot ex- 
plain on a factual basis. It may be that the recrystallization which nearly 
always masks the original nature of the orienting particles acts selectively 
on the needle-like fragments to produce various combinations of these 
maxima. Unfortunately, no definite information regarding the selective 
recrystallization of quartz at high temperatures, high pressures, and in 
the presence of varying solvents, is available. 

The solubility of quartz in hydrofluoric acid, however, is far greater 
parallel to the c axis than in any other direction (Dana, p. 191). If one 
assumes a similar differential solubility of quartz under metamorphic 
conditions, it will be seen that solution of the hypothetical quartz needles 
will tend to preserve those needles parallel to the c axis, at the expense 
of the other orientations. Maximum I should then predominate in re- 
crystallized fabrics. Particularly unfavorable orientations would be III 
and V. The modification of the maxima resulting from this speculative 
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process is in accord with the observed fact that the most common type 
of quartz orientation in S-tectonites is maximum I. 


CONCLUSION 


Experiments at extreme high pressures have yielded no clue to the 
mechanism of quartz deformation other than the development of a small 
amount of undulatory extinction. No trace of translation-gliding was 
observed. Experiments at high temperature, moderate pressure, and in 
the presence of solutions, have disclosed the tendency to fracture into 
needles with definite crystallographic dependencies. The relation between 
these observations and the mass of statistical data assembled by Sander 
concerning the crystallographic orientation of quartz in S-tectonites may 
be summarized as follows: 


(1) Figure 7 is Sander’s statement of uniformities observed in his data. 

(2) Figure 8 is a statement of the result of performing a simple mathematical 
operation on the uniformities of our experimental data. This operation is the 
transformation of the position of the needles as found in Figure 6 so that they 
all lie in the a fabric direction, and one of their bounding planes is in the ab 
fabric plane. 

(3) The points in Figure 8 coincide with the points in Figure 7 within the limits 
of Sander’s observational error, except for points V and VI. 

(4) Examination of all of Sander’s data shows the rare existence of point V. 

(5) Examination of Sander’s data shows that he could just as well express his uni- 
formities by the use of another point between III and IV, occurring less often 
than either III or IV, this point falling in the position of VI. 

(6) This close agreement between the uniformities of Sander’s data and our experi- 
mental results when subjected to a simple mathematical transformation sug- 
gests that this mathematical transformation will serve as a working hypothesis 
concerning the mechanism of orientation of quartz in S-tectonites. 


Translated into geological terminology, this hypothesis may be con- 
ceived as follows: 


(1) Under the conditions of rock deformation, quartz is fractured into needles of 
the type produced experimentally. 

(2) These needles are oriented (presumably by shearing motion) in the a fabric 
direction (direction of shearing translation), with one of their bounding planes 
in the ab plane (plane of cleavage). 

(3) Each point of Figure 8 corresponds to a fabric maximum derived from one 
needle type. 

(4) Later recrystallization of the quartz usually obliterates all traces of the needles. 


It, will be seen that the hypothesis so stated agrees in principle with 
.Sander’s chief hypothesis as to the orientation of quartz in S-tectonites, 
which may be summarized as follows: 


(1) Quartz fractures into needles parallel to the quartz crystallographic c axis. 

(2) eee needles are oriented by shearing motion in the direction of shearing 
translation. 

(3) Each point of Figure 7 is supposed to correspond to a different shear plane 
and direction of shear. 

(4) a recrystallization of the quartz in most cases obliterates all traces of the 
needles. 
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Hence, it is seen that our hypothesis differs from that of Sander in the 
following particulars: 


(1) We assume only one plane of shear. (In agreement with Schmidt.) 
(2) We assume that one of the bounding faces of each needle comes to lie in the 


plane of shear. 
(3) We assume that each point maxima of an S-tectonite fabric corresponds to a 


type of needle. 

Thus far we have been dealing with a fairly direct correlation between 
our experimental data and the uniformities of a large mass of data from 
metamorphosed rocks. It is thought possible that the suggested working 
hypothesis may explain the early stages of the history of an S-tectonite. 
If we assume, however, that the rock before deformation had a random 
orientation of the quartz crystal axes, then our hypothesis would predict 
the development of all six of these point maxima in the rock fabric, oc- 
curring as in Figure 8 with symmetrical reflections around the ab and ae 
fabric planes. Actually, rock fabrics usually contain only one to three 
of these point maxima, which may not be symmetrically repeated around 
ab and ac. 

Our experiments thus far give us no clue to the mechanism by which 
these modifications may be produced. As a possible explanation of this 
later part of the rocks’ history, we suggest the speculative hypothesis 
that the later recrystallization, known to occur in many cases, acts selec- 
tively on the needles to preserve certain of the orientations and obliterate 
others. The control suggested for this process is two-fold: (1) the dif- 
ferent solubility of quartz in different crystal directions, and (2) the effect 
of the stress field on recrystallization. 
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ABSTRACT 


The Malone Mountains lie within and along the northern front of the Sierra Madre 
orogenic belt in Trans-Pecos Texas. Folded and faulted sedimentary rocks compos- 
ing the mountains and outlying hills belong to the Permian, Jurassic, and Cretaceous 
systems. Cenozoic basin-fill mantles older rocks in the surrounding Hueco Bolson. 
Since the Malone area includes the only marine Jurassic and the oldest Cretaceous 
rocks known in Texas, it figures critically in correlation of Mexican Mesozoic deposits 
with those of southern United States. 

Briggs formation, name given to Permian strata of the Malone area, consists of 
anhydrite and gypsum with interbedded limestone and intraformational breccia. The 
base of the Briggs is concealed; maximum exposed thickness is 630 feet. Leonard 
index fossils occur in the lower part; the upper 500 feet is unfossiliferous. 

The Malone formation of Upper Jurassic age rests unconformably on the Briggs. 
It consists of sandstone, sandy shale, limestone, and conglomerate aggregating about 
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1000 feet maximum thickness. Two divisions are recognized; the lower contains 
Idoceras and other Kimmeridgian ammonites, while the upper has species of Koss- 
matia characteristic of the Upper Portlandian (Tithonian). With the ammonites 
are pelecypods (Trigonia, Ptychomya, etc.) previously thought by some to be Cre- 
taceous. 

The Torcer formation of Lower Cretaceous (Valanginian) age includes more than 
400 feet of limestone, sandstone, and shale with basal conglomeratic quartzite resting 
on the Malone. Younger Cretaceous strata belonging to the Las Vigas (?) and Glen 
Rose formations form hills south of the Malone Mountains. 


INTRODUCTION 
MALONE MOUNTAIN AREA 


The Malone Mountains are a cluster of north and northwesterly- 
trending ridges which rise abruptly from the level of the Hueco Basin 
in southern Hudspeth County, Texas (Fig. 1; Pl. 7, fig. 1). In plan the 
range resembles an arrowhead with its tip pointing southeastward across 
a narrow flat toward the more lofty Quitman Mountains (PI. 1; Pl. 6, fig. 
1.) The range is highest along the arcuate ridge which forms its north- 
eastern front. At this locality, the Fort Hancock topographic sheet, of 
which the area surveyed includes 62 square miles, shows a maximum ele- 
vation of 5050 feet and a relief of about 700 feet. The length of the 
range between northwestern and southeastern foothills is about 614 miles; 
the maximum width is 214 miles. 

Paralleling the mountains a mile to the northeast are the Malone Hills 
(Pl. 7, fig. 2). A second hilly belt southwest of the mountains is known 
as the Carroll Hills. The relief of both groups ranges up to 100 feet. 

The Hueco Basin surrounds the Malone Mountains and their satellite 
hills. Locally a terraced, submaturely dissected plain, it averages about 
4000 feet in elevation. Regionally its surface inclines about 60 feet per 
mile southwestward toward the Rio Grande. Broadly considered, the 
Malone range is an island-like interruption in the expanse of this great 
bolson. 

The streams of the area are ephemeral, flowing only for a few hours 
following thunder showers. Drainage is radial from the mountainous 
areas into arroyos which ultimately lead southward into the Rio Grande. 

Geologically, the Malone Mountains have been considered significant 
for two reasons: they lie almost on the border between the Sierra Madre 
and Basin-and-Range structural provinces, and they contain the only 
marine Jurassic as well as the oldest Cretaceous strata within the State. 


PREVIOUS REPORTS 

J. A. Taff’s admirable reconnaissance account of the Malone Moun- 
tains, published in 1890, contains a stratigraphical section measured 
along the northeastern front and a structure section which first demon- 
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strated the close folding characteristic of this area. Taff gave the sedi- 
mentary rocks of the mountains the name “Malone beds,” which he cor- 
related with the Washita division of the Lower Cretaceous. A few fos- 
sils collected from the Malone Hills during this early survey were de- 


Ficure 1—Map of Texas 


Showing location of the Malone Mountains. 


scribed as Cretaceous species by F. W. Cragin in 1893. Two years later 
a larger collection gathered from this same locality by R. W. and R. R. 
Goodell were again submitted to Cragin for identification and age de- 
termination. On the evidence of previously undiscovered species, this 
writer in 1897 reversed his earlier diagnosis and referred the rocks of the 
Malone Hills to the Jurassic. 

In 1897 and 1898 Cragin, accompanied by T. W. Stanton, visited the 
Malone area and made extensive collections of fossils, which he de- 
scribed in his bulletin of 1905. Cragin named the sedimentary rocks of 
the Malone Mountains and Hills the Malone formation. Chiefly on 
the evidence of ammonites he assigned the Malone to the upper Jurassic 
(Tithonian) noting, however, that some pelecypods in the formation had 
remarkable Cretaceous affinities. Stanton’s discussion of the regional 
geology, appended to Cragin’s report, contains two original stratigraphi- 
cal sections measured in the Malone Mountains. 

In 1926 F. L. Kitchin presented an extended argument on the age of 
the Malone formation. He agreed that the ammonites described by 
Cragin are Jurassic, citing confirmatory statements by Victor Uhlig and 
L. F. Spath, but he insisted that some of the pelecypods, particularly 
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species of Trigonia and Ptychomya described in Cragin’s memoir, are 
Cretaceous. Kitchin was emphatically of the opinion that Jurassic and 
Cretaceous faunas had been mixed during collecting, due possibly to 
collectors’ failure to recognize an unconformity. Carlos Burckhardt, who 
had arrived at essentially the same conclusions as early as 1912, affirmed 
Kitchin’s interpretations in his later treatise on the Mesozoic systems in 
Mexico. 

C. L. Baker makes frequent reference to the Malone Mountains in 
the account of his explorations published in 1927. His map of the area 
shows the salient structural features. Permian fossils were reported 
from limestone interbedded with gypsum at the northwest end of the 
Malone Hills. At that time it was thought these indicated a Permian 
age for the lower part of the Malone formation. Later, however, Baker 
suggested that the gypsum might be Cretaceous, with Permian limestone 
kneaded into it along fault planes. In 1930 Dr. Baker stated his belief 
that the Malone Mountains are part of a large overthrust block moved 
northward along lubricating planes in gypsum. 

In 1932 W. S. Adkins noted the close relationship between the Malone 
Jurassic and that of northern Mexico. On the basis of ammonites de- 
scribed by Cragin, he was able to establish zonal parallels between the 
two areas. He agreed with Kitchin and Burckhardt concerning the Cre- 
taceous age of T'rigonia and other pelecypods. Accordingly, he emended 
the Malone formation to include only Jurassic rocks, proposing the for- 
mational name Torcer for Lower Cretaceous beds in the Malone Moun- 
tains. The limestone-gypsum sequence forming the lower part of the 
local section was correlated with the Leonard (Permian) formation of 
the Glass Mountains. 

In their recent account of the Jurassic of Utah, Arizona, New Mexico, 
and Colorado, A. A. Baker, C. H. Dane, and J. B. Reeside, Jr., refer 
briefly but significantly to the Malone Mountains. They emphasize that 
the suggestion of accidental mixing of faunas by collectors is unwar- 
ranted and cite an oral communication from Stanton to the effect that 
the Jurassic ammonites and disputed pelecypods are naturally asso- 
ciated. 

Paleontological results of the present survey have appeared elsewhere 
(Albritton, 1937a, 1937c; Okulitch and Albritton, 1937). 


PURPOSE OF REPORT 
The writer aims to establish the age and structural relationships of 
sedimentary rocks composing the Malone Mountains and their outlying 


hills. 
The foregoing account has shown that opinions regarding age and cor- 
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relation of these strata have heen diverse and often contradictory. The 
local stratigraphical column has been variously considered to be: (1) en- 
tirely Cretaceous, (2) entirely Jurassic, (3) Jurassic and Cretaceous, and 
(4) Permian, Jurassic, and Cretaceous. Since fossils from this area have 
been used in regional correlation (Stoyanow, 1936, p. 328; Kellum, 1936, 
p. 1063-1070) establishment of local faunules in their proper sequence 
is a matter of some import. 

Results of the present survey indicate that the truth regarding age of 
the Malone sediments is a composite of various opinions advanced pre- 
viously. Thus it will be shown that the marine invertebrate fauna de- 
scribed by Cragin is, as he believed, upper Jurassic. Pelecypods which 
some of his critics maintained were Cretaceous actually occur in strata 
containing ammonites they agreed were Jurassic. Nevertheless, Cre- 
taceous beds do occur in the Malone Mountains; the name Torcer is re- 
tained for them. Interbedded limestone and gypsum in the lower part of 
the original “Malone Jurassic formation” are Permian, as Baker and 
Adkins have indicated. Thus in writing a revisory account of the stratig- 
raphy, the writer has become increasingly aware of his obligations to 
those who have previously dealt with the problems at hand. 
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GENERAL STRATIGRAPHY 


The sedimentary rocks composing the Malone Mountains and their out- 
lying hills belong to the Permian, Jurassic, and Cretaceous systems. In 
the intermontane areas unconsolidated fluvial deposits of Cenozoic age 
blanket the older rocks. Two major unconformities break the sedi- 
mentary sequence: one between the Permian and Jurassic systems, the 
other beneath the Cenozoic. 

The Permian strata, here named the Briggs formation, are at least in 
part equivalent to the Leonard formation of the Glass Mountains. The 
Malone formation (emended) includes the Jurassic rocks. Ammonites 
indicate that the lower portion of the Malone is Kimmeridgian and that 
the upper part is upper Portlandian (Tithonian). Younger formations 
include the Torcer (emended), Las Vigas (?), and Glen Rose, all of the 
Trinity division of the Lower Cretaceous. 

Thicknesses and lithological characters of formational units are sum- 
marized in the columnar section (Fig. 2). 


PERMIAN SYSTEM 
BRIGGS FORMATION 


Lithology and thickness—The Briggs formation, named for Briggs 
(now Gypsum) Switch on the Southern Pacific Railroad, includes a mini- 
mum of 630 feet of anhydrite and gypsum with interbedded limestone. 
The base of the formation is not exposed. As seen at the surface the 
Briggs consists largely of white granular gypsum, locally, as at Gypsum 
Switch, sufficiently pure to be quarried for use in the plaster and cement 
industries. As elsewhere in Texas, the gypsum here is a surface phenome- 
non resulting from hydration of primary anhydrite (Sellards, 1934, p. 625). 

Interbedded bodies of limestone range from laminae of microscopic 
dimensions to lenses more than 100 feet thick and several miles in width 
(Pl. 6, fig. 2). Three lenses of sufficient magnitude to be mapped and 
considered members of the formation are described in order from oldest 
to youngest. 
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(1) Buack Limestone Memser: This member, one of the lowest ex- 
posed stratigraphical units of the formation, consists of gray to black, 
dense, cherty limestone in beds up to 10 feet thick. The member attains a 
thickness of 150 feet at the northwest end of the Malone Hills, the only 
locality in which it is exposed. 

(2) Buack BrecciatepD LIMESTONE MemBeER: This member, so named 
because of its characteristically brecciated internal structure, outcrops 
over broad areas in the Malone Mountains and Hills. The best ex- 
posures are at Panther Hill (Pl. 2) where 80 feet of thin-bedded black 
limestone and intraformational limestone breccia is overlain and under- 
lain by gypsum. An eqval thickness is exposed at Rust Hill. Here, 
however, the lower 25 feet consists of unbrecciated, thin-bedded, bluish- 
gray-weathering limestone enclosing small geodes of calcite and quartz. 

In the Malone Hills this member is separated from the stratigraphically 
lower Black Limestone member by approximately 30 feet of gypsum. 
In the Malone Mountains, on the other hand, the Black Brecciated Lime- 
stone member is underlain by a minimum of 100 feet of gypsum with 
local thin interbeds of dark limestone. It is concluded that the Black 
Limestone member thins and interfingers with gypsum in the unex- 
posed area between the Malone Hills and the Malone Mountains. 

(3) Burr Limestone Member: Unlike the preceding limestone mem- 
bers, the Buff contains a number of lithological varieties: dense gray 
buff-weathering limestone, black pisolitic and fragmental limestone, black 
conglomeratic limestone, and white granular gypsum. Of these the most 
characteristic is gray, buff-weathering, thin-bedded limestone ranging in 
thickness from 5 to 25 feet. The base of this unit forms the lower limit 
of the member named for it (Fig. 4). 

Resting on the buff limestone are obscurely bedded, dark limestones 
characteristically pisolitic or conglomeratic (PI. 3, fig. 1). These bodies, 
notable for their patchy distribution and interfingering relationship with 
gypsum (Fig. 4), range up to 175 feet (Fox Hill) in thickness. Their 
original thickness may have been much greater; it is impossible to deter- 
mine how much was removed by erosion prior to deposition of the 
Malone formation. 

The gypsum of this member is lithologically the same as that found 
below the buff limestone strata. It contains lentils of milky-white lime- 
stone emitting a fetid odor when broken. 

Finally, there are occasional thin lentils of dense, dark limestone with 
interbedded intraformational breccia. Strata of this type are interbedded 
with gypsum south of Gypsum Switch and both north and west of Fox 


Hill. 
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Age and correlation—The evidence for dating and correlating the 
Briggs formation comes from fossils in the Black Limestone member. 
The following were collected at the northwest end of the Malone Hills: 


Productus ivest Newberry Dielasma ? sp. 
P. occidentalis Newberry Hustedia ? sp. 
P. leonardensis R. E. King Pugnoides bidentatus Girty 
P. indicus Waagen Camarophoria venusta Girty 
Marginifera reticulata R. E. King Ambocoelia guadalupensis Girty 
M. sp. Composita mexicana Hall 
Avonia walcottiana var. costata R. E. Pleurotomaria ? sp. 
King Malonophyllum teranum Okulitch and 
Meekella ? sp. Albritton 


The stratigraphical ranges for ten of the above species in the Glass 
Mountains section have been determined by P. B. King (1934, Pl. 105). 
These are shown in Figure 3. It will be observed that four species are 
restricted to the Leonard formation at its type locality; of the remaining 
six species only one (Avonia walcottiana var. costata) has not been pre- 
viously reported from this formation. Therefore the bulk of paleon- 
tological evidence favors correlation of the Black Limestone member 
with the Leonard. It should be emphasized, however, that no fossils were 
found in the 500 feet of limestone and gypsum above this member. 
Hence the upper portion of the Briggs may contain equivalents of 
Permian stages younger than the Leonard. 


Origin—The Permian gypsum and limestone of the Malone Moun- 
tain area lie in a portion of Trans-Pecos Texas where current paleogeo- 
graphical concepts would lead one to expect only normal marine deposits 
(Baker, 1934, p. 202; Schuchert and Dunbar, 1933, p. 273). If the sul- 
phate deposits are primary, the Briggs formation may shed new light on 
the Permian geography of this region. 

Results of this survey indicate that the gypsum (or perhaps more pre- 
cisely its parent anhydrite), together with much of the interbedded lime- 
stone, is a primary, evaporite deposit. The following four considerations 
eliminate the alternate hypothesis that the gypsum resulted from altera- 
tion of limestone by sulphuric solutions: 

(1) Nowhere in the gypsum were irregular blocks of limestone seen 
which might be interpreted as unaltered residuals. 

(2) Although many of the interbedded limestone bodies are well strati- 
fied and strongly fractured, there is no evidence of alteration to gypsum 
along bedding or fracture planes. 

(3) Contacts between gypsum and limestone are sharp. 

(4) Marginally the limestone members of the Briggs formation inter- 
finger with gypsum in typical sedimentary manner. 


, 
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The writer believes that the Briggs formation was deposited as a result 
of recurrent partial evaporation of lagoonal waters largely cut off from an 
open sea which lay a few miles to the north during Leonard (Permian) 
time. The belief that the gypsum and associated limestone are lagoonal 
rather than marine-salina or salt-pan deposits is founded on (1) the 
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Productus ivesi 

Productus occidentalis 

Productus leonardensis 

Productus indicus 

Mardginifera reticulate 

Avon 

Fugnoides bidentatus (?) 

Composita mexicana 

Ambocoelia guvadal 

Camarophoria venusta 


Ficure 3.—Stratigraphical ranges of fossils 


From Black Limestone member of Briggs formation, showing basis for correlation with Leonard 
(Permian) formation of Glass Mountains (after P. B. King, 1934). 


considerable thickness and areal extent of the gypsum-limestone se- 
quence; (2) the fact that the gypsum and interbedded limestone are 
closely associated with marine deposits. Marine fossils occur abundantly 
in the Black Limestone member. Normal marine shale and limestone of 
Leonard age occur in the Finlay Mountains 8 miles to the north (R. E. 
King, 1930, p. 17); and (3) the absence of mother-liquor salts. 

These features compare favorably with the criteria Twenhofel (1932, 
p. 502) has formulated for recognition of lagoonal deposits in general. 

The barrier which separated the lagoon from the open sea may have 
been here, as elsewhere in the Permian of western Texas (Sellards, 1932, 
p. 159-160), a body of reef limestone. Pisolitic limestone of the Buff 
member of the Briggs formation is lithologically similar to limestones of 
the Capitan formation considered by Ruedemann (1929, p. 1079-1080) 
to be of algal origin. The bodies of pisolitic limestone in the upper 
portion of the Briggs may be southern extensions of a reef barrier which 
lies in the unexposed area between the Malone and Finlay mountains, 
dividing the marine facies on the north from the lagoonal facies on the 
south. How extensive the lagoonal deposits are and how their northern 
boundary trends are problems for regional investigation. 
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JURASSIC SYSTEM 
MALONE FORMATION (EMENDED) 
Name.—Taff (1890, p. 721-723) named the sedimentary rocks of the 
Malone Mountains and Hills the “Malone beds,” after Malone (now 
Torcer) Station on the Southern Pacific Railroad. Cragin (1905, p. 9-22) 


Butt Limestone 
Member 


Horizontal Scale Vertical Scale 
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Explanation 


= Buff limestone Pisolitic limestone Gypsum 


Black conglomeratic limestone — White limestone 


Ficure 4.—Section along strike of Buff Limestone member, Briggs formation 


South of Gypsum Switch. 


and Stanton (1905, p. 23-33) used “Malone formation” in the same in- 
clusive sense, believing that the formation was Jurassic. In accordance 
with the intentions of these latter investigators, the term Malone is here 
restricted to include the Jurassic strata within the area surveyed. 


Lithology—tThe formation consists of conglomerate, sandstone, sandy 
shale, siltstone, gypsum, and limestone. Lithologically it is divisible into 
two parts, here designated and shown on the geological map as the lower 
and upper divisions. 

Lower Division: This division is characterized by the predominance 
of thin-bedded, clastic rocks. Limestone beds are uncommon and where 
present are thin and impure. 

Sandy shale and siltstone constitute a large portion of the division 
(Pl. 4, fig. 3). These range in color from delicate shades of pink through 
reds and browns to gray and black. Although they occur in units seldom 
exceeding 15 feet in thickness, there is a tendency for each unit to be 
internally massive. Under the microscope the fine-grained clastics are 
seen to consist dominantly of poorly to moderately well sorted angular 
quartz grains in argillaceous matrix. 
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Ficure 1. TH1IN-BEDDED LIMESTONE OF BLACK BreccIATED LIMESTONE MEMBER 
Succeeded upward by alternating beds of gypsum and limestone; Panther Hill. (For 
scale note man in left center.) 


Ficure 2. BouLpER FROM BLACK BrecciATED LIMESTONE MEMBER 
Panther Hill 


Ficure 3. BouLtper FROM BLACK BRECCIATED LIMESTONE MEMBER 
Rust Hill, showing intraformational nature of breccia. 


BRIGGS FORMATION 
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Ficure 1. Piso.itic LIMESTONE 
In Buff Limestone member, Briggs formation. Near Gypsum Switch. 


Ficure 2. BasaL TorcER QUARTZITE 
With lentils of chert pebbles toward top. North of Smith Peak. 


Ficure 3. LimEsTONE CONGLOMERATE 
Of Malone formation filling channels in limestone of Briggs formation. Near Am- 
monite Canyon. 


PERMIAN, JURASSIC, AND CRETACEOUS FORMATIONS 
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Gray and buff sandstone, ranging from fine- to coarse-grained, com- 
monly occurs in thin units which in many places are laminated and 
minutely cross-bedded. The cement is prevailingly calcareous, and there 
are all transitions from calcareous sandstone to arenaceous limestone. 
Poorly indurated sandstone layers commonly show secondary growth 
of quartz grains. As a rule, sandstone beds cannot be traced along the 
strike for more than a few hundred yards; they grade laterally into im- 
pure limestone, sandy shale, and conglomerate. 

Although not the most abundant, certainly the most conspicuous and in 
a sense the most characteristic rock type in the lower division is limestone 
conglomerate with matrix of calcareous sandstone. Conglomerate occurs 
throughout the division in units up to 35 feet thick. Phenoclasts are sub- 
rounded to ellipsoidal, averaging between 1 and 3 inches in diameter at 
typical exposures (PI. 4, figs. 1 and 2). Wherever the lower contact 
of the Malone was observed, a basal conglomerate was present. Ordi- 
narily this is somewhat coarser than younger conglomerates, in places 
containing boulders of limestone 2 feet across. At most localities lithology 
indicates that the basal limestone phenoclasts were derived from the 
underlying Briggs formation. Basal conglomerate at the northwest end 
of the Malone Hills contains boulders enclosing fossils identical with those 
in the Black Limestone member of the Briggs formation. 

In the vicinity of Fox Hill, basal conglomerate of the Malone forma- 
tion fills small channels in the gypsum and limestone of the Briggs (PI. 3, 
fig. 3). This proves that the Briggs is older than the Malone; hence the 
gypsum cannot be Cretaceous as suggested by Baker (1934, p. 202). 

Individual units of conglomerate above the base of the formation can- 
not ordinarily be traced along the strike for more than a few hundred 
yards. They grade laterally and upwardly into pebbly sandstone (PI. 
4, fig. 2). 

Thin-bedded limestone in units less than a yard thick composes ap- 
proximately 2 per cent of the exposed portion of this division. As a rule 
the limestone is arenaceous and pebbly. Thin beds of dark limestone 
south and east of Gypsum Switch show septarian and nodular structure. 
The limestone layers are significant in that they contain most of the 
fossils found in the lower division. In places thick-shelled pelecypods 
form coquinites. 

Impure gypsum occurs locally in the division. More than 60 feet of 
white, granular gypsum admixed and interbedded with buff sand and 
sandstone crops out north of Fox Hill. Similar deposits of lesser thick- 
ness are exposed between Cedar and Ammonite canyons. In both areas 
the gypsum grades laterally into gypsiferous sandstone; apparently the 
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gypsum in the Malone has been reworked from the underlying Permian 
deposits. 

Upper Division: Unlike the lower division of the Malone, the upper 
is characterized by the rarity of detrital sediments and predominance of 


Figure 5—Variation in thickness of divisions of Malone formation 

Thickness (in feet) of Lower Division in upright figures; Upper Division in underlined slanting 
figures. 
limestone. Typical limestone is black, weathering gray, and bedded in 
units averaging 3 to 7 feet in different sections. The rock is dense and 
relatively homogeneous, breaking with sub-conchoidal fracture. 

Buff sandstone and arenaceous limestone occur at the top of the Malone, 
particularly in the southeastern portion of the mountains. This clastic 
facies, generally about 25 feet thick, constitutes the only known fos- 
siliferous portion of the upper division. 
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Occasional thin beds of concretionary limestone and intraformational 
limestone pebble conglomerate are found in this division. The former are 
particularly conspicuous in the Malone Hills and at Finlay Spur; the 
latter were observed at Rust Hill and in the vicinity of Smith Peak. 


Thickness.—Within the area covered by this survey, the Malone forma- 
tion ranges in thickness from 150 to 1060 feet. It is thickest in the 
northwestern portion of the mountains and thins rapidly to the east. The 
Malone is not represented in the Finlay Mountains 6 miles to the north, 
nor have Jurassic rocks been reported from the Quitman Mountains and 
outlying ridges to the east. Thicknesses of the upper and lower divisions 
in different parts of the area are shown in Figure 5. The lower division 
thins and disappears before reaching Quarry Hill east of Lasca Road. 


Structural relationship to Briggs formation—The Malone formation 
rests on the Briggs with angular unconformity. Although this cannot be 
definitely established at a single outcrop, it is clearly displayed on the 
geological map (PI. 1) ; the Malone formation rests on all members of the 


Briggs formation in different portions of the area. 


Fossils —The following fossils occur in the Malone formation: 


Foraminifera 

Robulus promamilligerus Albritton 

R. malonianus Albritton 
Coelenterata 

Astrocoenia maloniana Vaughan 
Echinoderma 

Holectypus ? sp. 

Pygurus sp. 
Worms 

Serpula gordialis Schlotheim 

S. spp. 
Bryozoa 

Berenicea maloniana Cragin 
Pelecypoda 

*Gryphaea mexicana Felix 

Exogyra subplicifera Felix 

tExogyra potosina Castillo and Agui- 

lera 

Plicatula sportella Cragin 

*Lima interlineata Cragin 

L. (Clenostreon) riograndensis Cragin 

*Pecten (Camptonectes) insutus Cragin 

*Entolium sp. 

*Gervillia corrugata Cragin 

*G. cinderella Cragin 

*G. ? riograndensis Cragin 


Pelecypoda 
Mytilus nuntius Cragin 
*Modiola maloniana Cragin 
*M. geniculata Cragin 
*Pinna quadrifrons Cragin 
Arca taffii Cragin 
A. ? dumbli Cragin 
Cucullaea ? texticostata Cragin 
C. transpecosensis Cragin 
C. catorcensis Castillo and Aguilera 
C. castilloi Cragin 
Leda ? navicula Cragin 
Trigonia vyschetzkit Cragin 
T. goodellii Cragin 
T. calderoni Castillo and Aguilera 
T. proscabra Cragin 
*T. praestriata Cragin 
T. munita Cragin 
T. rudicostata Cragin 
T. conferticostata Cragin 
*Astarte breviacola Cragin 
*4A. malonensis Cragin 
A. posticalva Cragin 
A. ? tsodontoides Cragin 
A. ? craticula Cragin 
Ptychomya stantoni Cragin 
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Pelecypoda Gastropoda 


Lucina potosina Castillo and Aguilera 
*L. potosina var. metrica Cragin 
L. ? emarginata Cragin 
L. planiuscula Cragin 
*Unicardium ? semirotundum Cragin 
U. ? transversum Cragin 
*Cyprina coterot Castillo and Aguilera 
*C. ? streeruvitzi Cragin 
*Tapes ? cuneovatus Cragin 
*Pholadomya tosta (Cragin) 
*P. marcout Cragin 
*P. paucicosta Roemer? 
P. praeposita Cragin 
*Pleuromya inconstans Castillo and 
Aguilera 
*P. inconstans var. curta Cragin 
*Anatina obliquiplicata Cragin 
*A.? pliculifera Cragin 
Thracia ? maloniana Cragin 
*Corbula ? maloniana Cragin 
Martesia maloniana Cragin 
Gastropoda 
Pleurotomaria circumtrunca Cragin 
Turbo ? beneclathratus Cragin 
Delphinula stantoni Cragin 
Nerita nodilirata Cragin 
N. finlayensis Cragin 
N. peroblata Cragin 
Turritella burkarti Cragin 


* Found in both divisions of the Malone formation. 


+ Found in upper division only. 
Unmarked species in lower division. 


Vermetus cornejoi Castillo and Agui- 
lera ? 

Natica williamsi Cragin 

N. inflectu Cragin 

N. finlayensis Cragin 

N. bilabiata Cragin 

Pseudomelania goodellit Cragin 

Nerinea goodellii Cragin 

N. circumvoluta Cragin 

Nerinella stantoni Cragin 

Cerithium arcuiferum Cragin 

Actaeonina ? maloniana Cragin 


Cephalopoda 


Nautilus burkarti Castillo and Agui- 
lera 

N. naufragus Cragin 

Haploceras cragini Albritton 

Idoceras schucherti (Cragin) 

I. clarki (Cragin) 

Lithacoceras shuleri Albritton 

L. malonianum (Cragin) 

{Kossmatia aguilerai (Cragin) 

7K. zacatecana Burckhardt 

Physodoceras smithi Albritton 

P. booni Albritton 

P. bakeri Albritton 

Aspidoceras laevigatum Burckhardt 

Neobrites nodocosiaius Burckhardt 

N. cf. nodocostatus Burckhardt 


Correlation—The ammonites listed are evidence for correlating the 
Malone formation with the Jurassic of Mexico. Unfortunately the for- 
mation is not sufficiently fossiliferous to permit a detailed zonation like 
that established by Burckhardt for the Mexican Mesozoic on the basis of 
ammonites. In the Malone formation ammonites are largely confined to 
the upper 100 feet of the lower division and the upper 25 feet of the upper 
division. 

Burckhardt (1930, tab. 6) has found that Idoceras and Haploceras are 
characteristic of the Kimmeridgian stage of the Jurassic in Mexico. In 
the Malone Mountains the lowest observed occurrence of Idoceras is ap- 
proximately 100 feet above the base of the Malone formation at Cedar 
Canyon; no ammonites were found below this level. The highest strati- 
graphical occurrence of Idoceras is a few feet below the base of the 
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upper division of the Malone. 
are associated with Haploceras cragini, Aspidoceras laevigatum, and Neo- 
brites nodocostatus. The latter two species have their type localities in 


Taste 1—Correlation of the Malone formation 


the Kimmeridgian of San Pedro del Gallo, Durango, Mexico (Burck- 
hardt, 1912, p. 81, 98). It may be concluded, therefore, that the lower 
division is of Kimmeridgian age, although it should be noted that the 
lower 100 feet, which carries no diagnostic fossils, may possibly be pre- 
Kimmeridgian. 

Although most of the upper division is unfossiliferous, the upper 25 
feet in the southwestern part of the mountains contains Kossmatia agui- 


Here Idoceras schucherti and I. clarki - 


EUROPEAN TYPE 
SECTION UPPER JURASSIC OF SAN PEDRO | UPPER JURASSIC 
Index DEL GALLO, DURANGO, MEXICO OF MALONE 
Ammonites MOUNTAIN AREA 
Steuroceras Sand, sandy shale, and limestone. No evidence for these 
Thickness: 400 + feet. zones in Malone area. 
7 Hoplites d. Shale with black limestone concre- | 
< gr. kéllikert tions. Thickness: 400+ feet. 
oa Limestone with sandy 
beds near top. Up- 
per 25 feet contains 
Ha Kossmatia aguileraiand | 
Black shale, limestone, and sandstone | K. zacatecana. Lower 
as Kossmatia with Kossmatia spp., Simbirskites, | portion unfossiliferous & 
ee Blanfordia, Hoplites, etc. Thickness: | —may belong in part 5 
a 330 + feet. to lower zones in the z 
Portlandian. = 
= 
a 
Proniceras Black, calcareous shale. Thickness? No evidence for this S 
zone in Malone area. ty 
& 
| 
(No evidence for lower Portlandian) = 
Haploceras Black, concretionary shale with Jdo- | Sandstone, shale, im- 
z d, gr. ceras spp., Neobrites (including N.| pure limestone, and 
fialar nodocostatus), Aspidoceras, Physodoceras,| conglomerate with Ido- 
o Phylloceras, Sowerybiceras, Ochetoceras, | ceras spp., Haploceras 3 
Q | Idoceras Taramelliceras, Streblites, and Haplo- | spp., Lithacoceras spp., | ‘© 
=] ceras. Thickness: a few inches to 980 | Aspidoceras, Neobrites a 
feet. nodocostatus, and spec- 
ies of Trigonia, Pty- 
chomya. Astarte, etc. 
Thickness: 0 to 685 
feet. 
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lerati and K. zacatecana. Burckhardt (1930, p. 82-83), Uhlig (1907, 
p. 285-286), Spath (in Kitchin, 1926, p. 457-458), and Adkins (1932, p. 
256) believe that the former is indicative of the upper Portlandian 
(Tithonian). The latter, discovered in the present survey, has been 
previously reported from the upper Portlandian of Mazapil (Burckhardt, 
1906, p. 136-138). Hence at least the upper 25 feet of the upper divi- 
sion is Tithonian. In Table 1 the Malone formation is compared with the 
upper Jurassic of San Pedro del Gallo, about 400 miles south of the 
Malone Mountains. 


Conditions of origin.—Marine fossils occur in beds directly above basal 
Malone conglomerates and appear sporadically throughout the formation. 
At many localities these fossils are associated with large fragments of 
petrified wood. A bed of pebble conglomerate at Cedar Canyon contained 
a silicified log 15 feet long and 2 feet thick. Curiously enough, the matrix 
of this same layer contained a well-preserved Nautilus. 

Evidently the Malone sediments were laid down near shore in shallow 
water, where quantities of driftwood were occasionally incorporated in 
strata along with marine invertebrates. Indeed, judging by the rapid 
thinning of the formation to the east and north, the Kimmeridgian- 
Portlandian shore could not have been more than a few miles from the 
present site of the Malone Mountains. 


CRETACEOUS SYSTEM 


TORCER FORMATION (EMENDED) 


Name.—The name Torcer, from Torcer Station (Pl. 1), was proposed 
by Adkins (1932, p. 286-288) for the Lower Cretaceous (early Neo- 
comian) strata of the Malone Mountains and Hills. Unfortunately, the 
section used for defining the formation shows duplication of beds. More- 
over the pelecypods thought to be characteristic of the formation actually 
occur in the Malone and hence are Jurassic rather than Cretaceous (Al- 
britton, 1937, p. 49-50). On the basis of paleontological evidence it can 
be shown that approximately the upper 400 feet of the sedimentary 
column in the Malone Mountains is Lower Cretaceous. For these strata 
the name Torcer is retained. 


Lithology—The Torcer formation consists of a basal quartzitic sand- 
stone and chert pebble conglomerate member averaging about 40 feet in 
thickness, sueceeded by several hundred feet of impure black limestone, 
sandstone, sandy shale, and occasional beds of limestone conglomerate. 


1In the sections originally used for defining the Torcer (Adkins, 1932, p. 287-288) it appears that bed 
10 duplicates beds 12 and 13, and that bed 11 duplicates bed 14. 
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Ficure 1. LimEstONE CONGLOMERATE 
With interbedded sandstone, Lower Division of Malone formation. Apple Pass. 


Ficure 2. LimestOoNE CONGLOMERATE 
Grading into calcareous sandstone, Lower Division of Malone formation. Apple Pass. 


? 


Ficure 3. THIN-BEDDED SANDSTONE, SANDY SHALE, AND IMPURE LIMESTONE 
Overlain by limestone conglomerate; Lower Division of Malone formation. Cedar 
Canyon. 


LOWER DIVISION OF MALONE FORMATION 
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Figure 1. Cenozoic BASIN-FILL 
Sand and clay with interbedded cobble gravel forming ledges. South of Cedar 
Canyon. 


Ficure 2. Cenozoic BASIN-FILL 
Cobble and boulder gravels south of Cedar Canyon. These grade basinward into de- 
posits like those shown in Figure 1. 


Ficure 3. Basat Cretaceous QuARTZITIC SANDSTONE 
With chert-pebble conglomerate weathering in relief. V-Canyon. 


CENOZOIC BASIN-FILL; BASAL CRETACEOUS CONGLOMERATIC 
QUARTZITE OF TORCER FORMATION 
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The basal quartzite and chert conglomerate is the most persistent, most 
easily recognized lithological unit in the area. It consists of gray- to 
brown-weathering, well-sorted, quartzitic sandstone, with lentils of 
rounded chert pebbles set in siliceous cement (PI. 3, fig. 2; Pl. 5, fig. 3). 
The sandstone and quartzite are in most places laminated and pebbly. 
This member includes the most resistant rocks in the area; it caps Gyp 
Hill, Broadtop, and other eminences in the northwestern portion of the 
mountains and forms the crest along much of the main northeastern ridge. 

Conformably overlying the basal member is several hundred feet of 
impure limestone with subordinate amounts of shale, sandstone, and con- 
glomerate. The limestone is typically gray to black and contains con- 
siderable sand and argillaceous impurities. Limestone units are thin 
bedded, often slabby or nodular, and rarely conglomeratic. 

The sandstone of the Torcer is dominantly ferruginous, weathering dark 
brown. A considerable portion of the matrix is, however, calcareous, and 
as a rule the rocks are well indurated. Dark, calcareous shales are fairly 
common in the Torcer; they occur in thin units which grade imperceptibly 
into impure limestone and calcareous sandstone. 


Thickness.—The thickness of the entire formation is not known, for 
the upper contact is nowhere exposed in the area surveyed. The maxi- 
mum measured thickness is approximately 400 feet (stratigraphical sec- 
tion 21). The thickness of the basal sandstone and conglomerate varies 
from 25 to 60 feet, averaging about 40 feet. 


Structural relationships with adjacent formations—The formation rests 
conformably on the Malone, the contact wherever observed being grada- 
tional. The structural relations of the upper limit are uncertain. Judg- 
ing from the approximate conformity between dips measured in the Torcer 
along the northwestern portion of the mountains and those measured in 
outlying hills of Las Vigas (?) to the south (Pl. 1), the Torcer formation 
is probably essentially conformable with the beds directly above it. 


Age and correlation——The following fossils have been found in the 
Torcer: 


*Saccammina cf. sphaerica M. Sars *Pleuromya sp. ind. 

Ammobaculites subcretaceus Cushman *Ezogyra aff. potosina Castillo and Agui- 
and Alexander lera 

*Lagena ? sp. Unio ? sp. 

*Giimbelina paucistriata Albritton Viviparus ? sp. 

*Anomalina torcerensis Albritton *Neocomites cf. indicus Waagen 


* Not found above basal sandstone and conglomerates. 
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The Foraminifera Giimbelina and Anomalina have never been reported 
from rocks older than Lower Cretaceous (Cushman, 1933, p. 209, 270). 
Ammobaculites subcretaceus was first described from the Lower Cre- 
taceous Goodland formation of Texas (Cushman and Alexander, 1930, 
p. 6, Pl. 2, figs. 9, 10). Neocomites is a widespread early Cretaceous am- 
monite; Neocomites indicus is characteristic of the Valanginian of the 
Himalayas (Uhlig, 1903, p. 262-263). Present evidence indicates, there- 
fore, that the Torcer is Lower Cretaceous, probably correlative with the 
Valanginian of Europe and elsewhere, as Adkins (1932, p. 270-271) has 
suggested. 

The presence of Upper Jurassic ammonites (Kossmatia) beneath basal 
Torcer sandstone and conglomerate containing Lower Cretaceous Fora- 
minifera and ammonites indicates that the boundary between Jurassic 
and Cretaceous systems is coincident with the contact between Malone and 
Torcer formations. Since this contact is conformable, basal layers of the 
Torcer are probably very near the base of the Cretaceous system and 
likely are the oldest Cretaceous strata exposed in Texas (Adkins, 1932, p. 


286). 


Origin.—The Torcer was probably deposited under essentially the same 
environmental conditions as the Malone—i. e., in shallow waters a few 
miles off shore—because: (1) In some beds marine Foraminifera are as- 
sociated with fresh-water pelecypods and gastropods (Unio, Viviparus) ; 
(2) Coarse sandstone is interbedded with impure limestone which consti- 
tutes most of the formation, and (3) The formation is not represented in 
the sedimentary sequences of adjacent mountainous areas a few miles 


north and east. 
LAS VIGAS FORMATION (?) 


Outcrops and lithology.—Three isolated outcrops between the Malone 
Mountains and Carroll Hills are tentatively referred to Las Vigas forma- 
tion. At the largest of these, southwest of the mouth of Reedy Creek, 20 
feet of red sandy and calcareous shale is capped by 5 feet of dense, pink- 
weathering limestone. West of this outcrop in a second small mound, is 
25 feet of dense, gray, pinkish-weathering limestone in layers up to 3 feet 
thick. A third small exposure along the east bank of Big Arroyo is com- 
posed of red sandy shale arid sandstone capped by a 3-foot bed of lime- 
stone pebble conglomerate. 


Thickness.—Since neither top nor bottom of this formation is exposed, 
its thickness cannot be determined. Assuming, however, that there is no 
structural break or reversal of dip between the most northerly and most 
southerly outcrops, and taking an average dip of 15 degrees southwest, 
the minimum thickness is 250 feet. 
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Age and correlation—There is no paleontological evidence for the age 
of these beds. The areal position of the outcrops suggests, however, that 
the strata are between the Torcer and Glen Rose formations, both of 
which are Trinity (Lower Cretaceous). 

Lithologically these rocks are strikingly similar to unfossiliferous red 
sandstone and shale reported from the southern Quitman Mountains near 
Hot Springs; Adkins (1932, p. 294) has correlated the latter with Las 
Vigas formation of the Conchos Valley in northern Chihuahua. 


GLEN ROSE FORMATION 


Lithology—The Glen Rose formation, which composes the Carroll 
Hills, consists dominantly of impure, gray and black limestone in layers 
up to 15 feet thick. There are frequent alternations of relatively pure and 
shaly limestone. Many of the limestone beds are arenaceous, with quartz 
grains in strong relief on weathered surfaces. In places fossils are so 
abundant as to form shell breccias or coquinites. 

In general the beds are arenaceous toward the base of the exposed 
section. The lowest portion of the section, exposed in the hill west of 
Esperanza Road, contains numerous strata of sandstone and siliceous grit, 
many of which show cross-bedding. Verticaliy the clastic beds grade 
imperceptibly into arenaceous limestone. 


Thickness—The aggregate exposed thickness of the Glen Rose in the 
Carroll Hills is 745 feet. Neither the upper nor the lower contact is 
exposed. 


Fossils —The following typical Glen Rose fossils were collected from 
beds of the Carroll Hills: 


Orbitolina terana Roemer Alectryonia sp. 

Heteraster obliquatus Clark Trigonia cf. stolleyi Hill 
H.sp. Requienia sp. 

Loriolia terana Clark Pecten sp. 

Homomya jurafacies Cragin Natica ? sp. 

Isocardia medialis Conrad Lunatia ? sp. 

Protocardia ? sp. Tylostoma ? sp. 

Cardium sp. Porocystis globularis Giebel 


Pholadomya cf. knowltoni Hill 


By far the most abundant and characteristic fossil is Orbitolina texana, 
a large, discoid foraminifer confined to the Glen Rose and its equivalents. 
At certain levels this fossil constitutes at least 60 percent of the contain- 
ing limestone. Locally Orbitolina ranges through the upper 500 feet of 
the exposed section, where it is often found associated with Porocystis. 
The lower 245 feet of sediment is characterized by abundant reef-building 
rudistids of the genus Requienia. 
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Structural relationship with Las Vigas (?) formation—Inasmuch as 
the bounding contacts of the formation are not exposed, the structural 
relationship between the Glen Rose and Las Vigas (?) formations cannot 
be determined directly. However, the parallelism in strike and the simi- 
larity in dip of beds in the Carroll Hills and in the northwestern Malone 
Mountains are noteworthy. All strata between the base of the Malone 
and the top of the Glen Rose formation are probably essentially con- 
formable. 


Conditions of origin—Sedimentary rocks of the Trinity group thin 
rapidly northward from the latitude of the Malone Mountains. In the 
Sierra Blanca area, 10 miles northeast of the Carroll Hills, the Trinity 
is represented by a thin marginal facies consisting largely of sandstone 
and grit. These sandy beds are partly replaced to the south, for example 
in Devil Ridge and the Quitman Mountains, by calcareous and marly 
beds belonging to an off-shore, neritic facies (Adkins, 1932, p. 296). The 
sedimentary rocks of the Carroll Hills belong to this facies and were prob- 
ably deposited in shallow water less than a score of miles from shore. 
Proximity to shore line is attested by the beds of coarse, cross-bedded 
sandstone and grit in the lower portion of the exposed section, and by the 
presence of fossilized logs up to a foot in diameter embedded in some of 
the impure limestones. 

CENOZOIC SYSTEM 
BASIN-FILL 


Lithology—tThe rocks of the Malone Mountains and their outlying 
hills disappear marginally beneath near-horizontal strata of clay, sand, 
and gravel which floor the Hueco Basin. Since these unconsolidated sedi- 
ments occupy a basin excavated in underlying Paleozoic and Mesozoic 
rocks, they are collectively called basin-fill in lieu of a formational name. 
The fill is best exposed in the banks of Big Arroyo, its tributaries, and the 
arroyos that drain southward from the Malone Mountains. 

Within the area surveyed, the fill consists dominantly of sandy clay 
with subordinate amounts of clay, sand, and gravel. These sediments are 
of fluviatile origin, having been washed down from the mountainous tracts 
they encircle. The gravel-is thus restricted to the borders of the highland 
areas; basinward it grades into sand and clay (PI. 5, figs. 1 and 2). 


Thickness and structural relationships with underlying rocks —The fill 
may be absent in some of the mountainous tracts, but in the surrounding 
basin, as in the vicinity of El Paso, well records indicate that these deposits 
are from a few hundred to several thousand feet thick (Baker, 1934, p. 
204). 
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Ficure 1. AERIAL View oF MALONE Mountains 
Looking southeast above Gypsum Switch; Quitman Mountains in background; profile of Eagle 
Mountains along skyline at left. Whitish area in foreground marks Permian Gypsum of Briggs for- 
mation. (Courtesy of Mr. O. S. Osborn.) 


Figure 2. Minor Structures GypsuM 
Briggs formation, Gypsum Switch. Dark areas left of hammer are limestone beds crumpled into dis- 
continuous pods. Limestone laminae still farther left have remained intact despite extreme defor- 
mation. 


AERIAL VIEW OF MALONE AND QUITMAN MOUNTAINS; MINOR 
STRUCTURES IN PERMIAN GYPSUM 
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Ficure 1. AERIAL VIEW 
Showing synclinal structure along northeast front of Malone Mountains; Quitman Mountains in 
background. (Courtesy of Mr. O. S. Osborn.) 


Ficure. 2. MALONE 
Looking northwest from Truncate Mound. Flat in foreground is classic collecting ground for Jurassic 
fossils in Lower Division of Malone formation. Finlay Mountains in distance. (For scale note car in 
right foreground.) 


AERIAL VIEW OF MALONE MOUNTAINS; MALONE HILLS 


‘ 
| 
e 
} 
4 


CENOZOIC SYSTEM 1769 


The basin deposits rest with pronounced angular unconformity on all 
older rocks of the area. Pediment gravels blanket the fill in places, and 
contemporaneous stream deposits are channeled into it along arroyos. 


Age and correlation—No fossils were found in the basin-fill, and to the 
writer’s knowledge none have been found in comparable beds of neighbor- 
ing areas. The exposed portion of the fill is younger than the intense 
folding seen in the Malone, Quitman, and other ranges of the Sierra Madre 
Oriental province. C. L. Baker? believes that this folding is post mid- 
Miocene. This would imply that the fill is Miocene or younger. Litho- 
logically the fill of the Hueco Basin has been correlated with the Santa Fe 
formation of the upper Rio Grande valley in New Mexico (Baker, 1927, 
p. 39). The Santa Fe has been reported to contain mammalian remains 
like those of the Loup Fork beds, now considered Pliocene (Plummer, 
1932, p. 765). From such indirect evidence the fill of the Malone area 
may be considered late Tertiary. 

BASALT 

Little Black Mesa and two similar hills in the area occupied by the 
structure sections on Pl. 1 are covered with blocks of scoriaceous basalt 
which gives them their conspicuously dark color. Although these hills 
are locally called mesas, their profiles are rounded and there is nothing 
to suggest that they are now capped with continuous layers of lava. Ap- 
parently these “mesas” are piles of basalt boulders, erosional remnants of 
a flow extruded on basin-fill before the Hueco Basin was degraded to its 
present level. Slumping obscures the relation of the basalt to the under- 
lying fill. 

STRATIGRAPHICAL SECTIONS 

The numbers of the following sections correspond with traverses lo- 
cated on Plate 1. Sections 1 to 5 were measured in the Carroll Hills, 6 
to 22 in the Malone Mountains, and 23 to 25 in the Malone Hills. 

Fossils collected along the traverses are referred to their proper units 
in the sections. Horizons at which the pseudo-Cretaceous pelecypods 
of the Malone fauna may be shown to occur in beds with Jurassic am- 
monites are: 


Section Units 


2 Personal communication. 
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Secrion 1 


(Descending Order) 
Lower CRETACEOUS Thickness 
Glen Rose formation in feet 
13. Dark impure limestone with dense black basal member showing 
sections of large gastropods. Rudistid coquinite 10 feet above the 


12. Black arenaceous limestone with sandy lentils................... 22 
11. Coarse sandstone and grit weathering to shades of brown......... 6 
9. Coarse sandstone and grit weathering tan; cross-bedded throughout 35 
8. Resistant black limestone veined with calcite... ................. 10 
7. Thick-bedded, black, gray-weathering, arenaceous limestone with 
5. Thin-bedded quartzitic sandstone with Trigonia sp............... 6 
4. Black arenaceous limestone with quartz grains showing cross- 
bedded patterns on weathered surfaces.....................2.04-- 30 
3. Fine-grained sandstone with interbedded limestone and shale...... 6 
2: Binck, moaular, impute Limestone... 18 
1. Gray and black limestone weathering light gray to tan; base not 
SecTION 2 
(Descending Order) 
Lower CRETACEOUS Thickness 
Glen Rose formation in feet 
13. Dark, gray-weathering, impure limestone with abundant Orbitolina 10 
12. Gray, brown-weathering coquinitic limestone................... 12 
11. Gray-weathering, black 6 
10. Dark, gray-weathering, impure limestone with abundant Orbitolina 18 


8. Dark, gray-weathering impure limestone with abundant Orbitolina 12 
7. Fossiliferous, dark, gray-weathering limestone with Orbitolina, 


Loriolia, Heteraster, and other fossils......................000005 40 
6. Dense, black limestone, forming ridge........................... 4 
5. Dense, black limestone, forming ledge........................... 4 
4. Fossiliferous, dense, black limestone, weathering gray; Loriolia, 

Porocystis, and Orbitolina most abundant........................ 6 
3. Dense black limestone with abundant Orbitolina................. 10 
2. Resistant gray limestone, weathering brown...................... 5 
1. Dark, gray-weathering limestone...................secceccessces 15 
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Section 3 
(Descending Order) 

Lower CRETACEOUS 
Glen Rose formation in feet 

13. Dark, brown-weathering limestone with numerous pelecypod frag- 

11. Dark, brown-weathering limestone with numerous pelecypod frag- 

10. Dense, black, gray-weathering limestone, showing sections of pe- 

9. Dense, black, brown and gray-weathering limestone with pelecy- 
8. Dense, black, arenaceous limestone, veined with calcite........... 5 
7. Black limestone with abundant Orbitolina.....................04. 4 

6. Dense, black, gray and brown-weathering limestone with pelecy- 


3 


. Black, nodular limestone, weathering tan......................... 


4. Black-, gray-, and brown-weathering limestone with limonite vein- 
lets; carries abundant pelecypod shells heavily replaced with calcite 8 
3. Black, arenaceous limestone with conchoidal fracture; in layers 
2. Black shaly limestone; locally nodular......................0005- 1 
1. Massive dark limestone, weathering gray, and streaked with cal- 
Section 4 
(Descending Order) 
Lower CRETACEOUS Thickness 
Glen Rose formation in feet 
42. Gray- and brown-weathering limestone with shell fragments... .. 5 
41. Gray- and brown-weathering limestone with abundant Orbitolina 14 
40. Black-, gray-, and brown-weathering limestone with fragments 
39. Black nodular limestone weathering gray....................0.. 2 
38. Black-, gray-, and brown-weathering limestone with abundant 
36. Black limestone weathering gray and brown.................... 10 
35. Gray- and brown-weathering, black limestone with pelecypods. . 15 
34. Brown- and gray-weathering limestone with Orbitolina........ 7 
33. Black, nodular, gray-weathering limestone with Orbitolina...... 4 
32. Black, brown-weathering limestone with pelecypods............ 15 
3 


. Dense black unfossiliferous 
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Thickness 
in feet 
30. Gray- and brown-weathering limestone with Orbitolina.......... 17 
29. Dense black limestone with large pelecypods................... 2 
28. Alternating gray- and brown-weathering limestone with Orbitolina 11 
27. Dark, gray-weathering limestone with Porocystis and Pecten; no 
26. Gray- and brown-weathering limestone with Orbitolina and Lima; 
upper 10 feet form prominent bluff......................ccceees 21 
25. Unfossiliferous, dense, black, gray-weathering limestone......... 2 
24. Impure black- and gray-weathering limestone with abundant 
23. Unfossiliferous impure black limestone......................... 2 
22. Impure, brown- and gray-weathering limestone with Orbitolina. .. 33.5 
21. Alternating dense black limestone and shaly limestone in beds up 
20. Resistant black limestone with yellowish splotches on weathered 
19. Shaly limestone weathering gray...................00ceeeeeuees 5 
18. Brown- to gray-weathering limestone with abundant Orbitolina. . 25 
15. Dark, gray-weathering fossiliferous limestone................... 25 
14. Black nodular limestone weathering light gray................. 8 
13. Dark gray limestone with pelecypod fragments.................. 6 
12: Dark limestone weathenng Gray... 5. 10 
11. Mottled brown and gray limestone with abundant pelecypods and 
9. Dark gritty limestone showing sections of pelecypods............ 8 
8. Brownish-weathering limestone with abundant pelecypods....... 4 
7. Black gritty limestone streaked with calcite veins............... 10 
6. Dark, gray-weathering limestone showing sections of gastropods. . 3 
4. Black arenaceous limestone weathering gray and brown.......... 30 
3. Gray- and brown-weathering grit and coarse sandstone showing 
cross-bedding ; becomes finer-grained and more calcareous toward 
2. Resistant gray limestone weathering tan......................-- 20 
Section 5 
(Descending Order) 
Lower CRETACEOUS 
Glen Rose formation in feet 
7. Dark limestone weathering gray mottled with brown; contains 
5 
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Thickness 
in feet 

. Dark gray limestone; consists of a lower zone with abundant rudis- 
tids, a medial zone devoid of fossils, and an upper zone with 

. Gritty black limestone showing reddish splotches on weathered 

surfaces; contains quartz granules up to 2 millimeters in diameter. 4 

. Black, gray-weathering limestone with rudistids near top.......... 4 
. Gray, brownish-weathering limestone containing worm borings 


. Grayish grit weathering tan; grows more calcareous toward the top; 


. Siliceous conglomerate weathering light tan; phenoclasts average 


less than half an inch in diameter; grades downward into cross- 
bedded grit and coarse sandstone, which in turn grades downward 


into arenaceous limestone streaked with calcite veins............ 35 
SecTION 6 
(Descending Order) 

Upper Jurassic Thickness 

Malone formation, upper division (top not exposed) in feet 

31. Gray cherty limestone grading upward into dense black lime- 


30. 


29. 
28. 


stone; locally arenaceous and rarely conglomeratic with pebbles 
Dense, highly fractured limestone weathering shades of brown 
Light-gray chert weathering russet.................0cecceeeeeee 2 
Bluish-gray limestone weathering light brown.................. 6 


Total exposed thickness of upper division.................. 113 


Malone formation, lower division (base not exposed) 


27. 


26. 


25. 


24. 


23. 
22. 


21. 


Limestone cobble conglomerate with abundant chert pebbles; 


Alternating buff- and gray-weathering thin-bedded calcareous 
sandstone and arenaceous limestone; poorly exposed............ 45 
Brown-weathering sandy limestone containing Idoceras clarki and 
Poorly indurated calcareous sandstone weathering buff; contains 
Brown-weathering sandy limestone with fossils as in No. 22..... 2 


Buff- to brown-weathering sand containing Pinna quadrifrons, 
Gryphaea mexicana, Pholadomya paucicosta(?), Trigonia vy- 
Black arenaceous limestone containing Gryphaea mezicana, 
Lucina potosina var. metrica, and Haploceras cragini; poorly ex- 
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Thickness 


. Buff-weathering calcareous sand containing Robulus malonianus. 
. Black, gray-weathering sandy limestone with scattered chert and 


. Limestone pebble and cobble conglomerate with sandy-limy 


. Gray-weathering arenaceous limestone with calcerous sandstone 
. Limestone cobble conglomerate with abundant chert pebbles; 


. Gray, finely laminated, calcareous sandstone. 
. Buff- and purplish-weathering calcareous sandstone becoming 


. Gray sandy limestone with Astarte malonensis, Nerinea goodellit, 


Pleuromya inconstans, Serpula sp., and echinoid fragments....... 


. Buff-weathering calcareous sandstone with Pinna quadrifrons, 


Astarte malonensis, Serpula sp., and small gastropods............ 


. Black, gray-weathering, arenaceous limestone with T'rigonia pro- 


scabra, Serpula sp., echinoid fragments, and gastropods ......... 


. Caleareous sandstone weathering 
. Black, gray-weathering, arenaceous and conglomeratic limestone 


with Astarte malonensis, Ctenostreon riograndensis, and Serpula 


Upper JURASSIC 

Malone formation, lower division (top not exposed) 
38. 
37. 


32. 


. Black, gray-weathering, arenaceous and conglomeratic limestone 


with Astarte malonensis and Serpula sp.................00..05 


. Gray limestone pebble conglomerate with sandy matrix.......... 
. Buff-weathering sandstone; poorly exposed..................... 


Buff calcareous sandstone; poorly exposed..................... 


. Gray sandy limestone with occasional pebbles................... 
. Purplish-weathering sandy shale; poorly exposed, base not exposed 


Total exposed thickness of lower division................... 


Section 7 
(Descending Order) 


Limestone pebble conglomerate; top not exposed............. 
Gray-weathering, black, calcareous sandstone grading into arena- 


35. 


Impure black, arenaceous limestone, locally conglomeratic; rec- 
tangularly jointed and veined with calcite; forms ridge......... 


. Limestone conglomerate; phenoclasts average about three-quar- 


. Buff- to purplish-weathering sandstone and siltstone in layers up 


to 2 feet thick; locally calcareous. 
Black, impure limestone, locally conglomeratic; contains En- 


in feet 
10 


10 


12 


25 


— 


Thickness 


in feet 
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31. 


30. 


29. 


28. 


27. 


16. 


15. 


14. 
13. 


12. 


11. 


10. 
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Gray, calcareous, thin-bedded sandstone veined with calcite; 
local interbeds of buff and purplish shale; beds from a quarter 
Buff- and purplish-weathering sand and calcareous siltstone, with 
local indurated beds of gray calcareous sandstone carrying En- 
Buff- and purplish-weathering sandstone locally conglomeratic; 
carries Entolium sp. and Gryphaea mezxicana.................. 
Buff- and purplish-weathering siltstone and shale; poorly in- 
Black, purplish-weathering limestone with Astarte malonensis, A. 
craticula, A. breviacola, Gryphaea mexicana, Lima, (Ctenostreon) 
riograndensis, Lucina potosina var. metrica, L. planiuscula, Nerita 
nodilirata, Trigonia calderoni, T. goodellii, Idoceras schucherti, 


. Purple- and buff-weathering arenaceous shale and siltstone. ..... 
. Gray calcareous sandstone and limestone conglomerate........ 
. Purple- and buff-weathering arenaceous shale and siltstone..... 
. Gray conglomeratic sandstone with limestone pebbles up to 


. Buff- and purplish-weathering arenaceous shale and siltstone... 
21. 
. Highly fractured, dense, black, arenaceous limestone breaking 


Fossiliferous black, arenaceous limestone weathering gray...... 


into rhombs with long axes transverse to bedding................ 


. Buff- and purplish-weathering shale and siltstone.............. 
. Gray limestone conglomerate with well-rounded pebbles aver- 


aging about half an inch in diameter and ranging up to 4 inches 
across; matrix of calcareous 
Buff siltstone and shale with thin interbeds of gray conglomeratic 
caleareous sandstone; contains large bone fragments........... 
Dense black limestone highly fractured and locally septarian; 
Buff-weathering siltstone and 
Dense black arenaceous limestone breaking readily into rhombs 
with long axes transverse to bedding........................05. 
Purplish- to buff-weathering siltstone and arenaceous shale, 
poorly indurated, weathering into gentle slopes. Two beds of 
finely lamellated, gray, calcareous sandstone each a foot thick 
divide the member into three parts of approximately equal thick- 
ness. Fragments of small Entolium sp. and gastropods occur near 
Dense black arenaceous limestone fracturing readily into rhombs 
with long axes transverse to bedding.....................000005 
Buff- and purplish-weathering siltstone and shale; poorly indu- 
rated, finely bedded and lamellar near base; well cemented 


. Highly fractured, dense, black arenaceous limestone............ 
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. Purplish- to buff-weathering siltstone and shale; generally soft, 
weathering into nodular fragments; bedded in layers up to 6 
inches thick. This unit is the lowest fossiliferous horizon in the 
section, containing Gryphaea mexicana, Entolium sp., and fish 

7. Highly fractured, dense, black arenaceous limestone breaking 
into rhombs with long axes transverse to bedding............... 

. Purplish- to brown-weathering siltstone and arenaceous shale... . 

Brown-weathering gray sandstone with lentils of intraformational 

breccia and fine purplish sandstone; forms small ledge.......... 

4. Poorly indurated, buff- to purplish-weathering siltstone........ 

3. Compact, brown- to purplish-weathering, gray, calcareous sand- 
stone and arenaceous shale in layers an eighth of an inch to 6 
inches thick; carries doubtful plant remains.................... 

. Brown- to purplish-weathering, fine-grained sandstone and arena- 
ceous shale; obscurely bedded and poorly exposed............. 

. Coarse limestone conglomerate poorly bedded and sorted; con- 
tains sub-rounded to angular boulders up to 3 feet in diameter 
derived from Briggs formation. Thickness variable, about... . 


oo 


PERMIAN 
Briggs formation 


Section 8 


(Descending Order) 
Upper JURASSIC 
Malone formation, upper division 
56. Fine-grained calcareous sandstone; top not exposed............ 
Malone formation, lower division 
55. Limestone conglomerate with numerous chert pebbles, all well 
rounded and averaging half an inch in diameter; matrix sandy 
containing Astarte craticula, Gryphaea mexicana, Pholadomya 
paucicosta (?), and Pleuromya 
54. Buff-weathering calcareous sandstone and impure limestone; 
soft; thin-bedded (1 foot average thickness). Sandstones grade 
laterally into limestone pebble conglomerates which contain 
chert pebbles; locally two such conglomerate lentils divide the 
member into three parts of about the same thickness. Contains 
Gryphaea mexicana and Trigonia vyschetzkit.................. 
53. Limestone and chert pebble conglomerate; ratio of limestone to 
chert pebbles about 1:1; grades laterally into No. 54; contains 
52. Buff-weathering, calcareous sandstone and soft arenaceous lime- 
stone with Entolium, Trigonia, and fragments of petrified wood. . 


Thickness 
in feet 


28 


0-2 


10 
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1 
2 
2 
25 
1.75 
8 
12 
a Total exposed thickness of lower division.................. 353.5 
Thickness 
in feet 
5 
5 
= 
|| 


51. 


38. 
37. 
. Coquinite with Astarte malonensis, Astrocoenia maloniana, 


34. 


32. 


31. 


STRATIGRAPHICAL SECTIONS 


Black, gray-weathering, arenaceous limestone with Anatina obli- 
quiplicata, Cucullaea castilloi, Gryphaea mexicana, Lucina plani- 
uscula (?) Pleuromya inconstans, Pinna quadrifrons, Trigonia 
proscabra, and Unicardium (?) semirotundum................. 


. Poorly indurated, fine-grained sandstone weathering buff........ 
. Caleareous sandstone weathering gray; contains Nautilus sp., 


Gryphaea mexicana, Lima interlineata, Tapes (?) cuneovatus, 


. Fine-grained sandstone weathering 
. Sandstone and arenaceous shale weathering buff to purple...... 
. Black arenaceous limestone with numerous fragmentary fossils 


including species of Astarte and 


. Buff sandstone and siltstone with abundant Astarte and tere- 


. Black, nodular, arenaceous limestone with shell fragments. ...... 
. Thin-bedded sandstone and siltstone weathering buff and pur- 


plish; contains small Astarte sp., Pleuromya inconstans, and tere- 


. Gray to black arenaceous limestone and calcareous sandstone; 


locally conglomeratic and 


. Caleareous gray sandstone and arenaceous limestone with inter- 


bedded pebble conglomerate; contains Astarte malonensis, 
Gryphaea mexicana and Pleuromya tnconstans................. 
Fine-grained calcareous sandstone weathering buff............. 
Gray calcareous sandstone and arenaceous limestone........... 


Gryphaea mexicana, Lucina potosina, L. potosina var. metrica, 
Trigonia proscabra, T. vyschetzkii, T. munita, and Robulus 


. Buff- and purplish-weathering sandy shale and siltstone with thin 


interbeds of black shale and dark, impure limestone............ 
Sandy limestone and calcareous sandstone weathering gray to 
buff; contains Gryphaea mexicana, Nerinea goodellii, Phola- 
domya paucicosta, Pleuromya inconstans, Pinna quadrifrons, 
Trigonia goodellii, Trigonia praestriata, and Idoceras clarki.... 


. Gray arenaceous limestone with interbedded buff calcareous sand- 


stone; finely conglomeratic near base; contains Pholadomya sp., 
Pecten insutus (?), Pleuromya inconstans, Haploceras cragini, 
Idoceras schucherti, I. clarki, and Lithacoceras malonianum...... 
Interbedded brown arenaceous limestone and gray calcareous 
Resistant blue-gray limestone with Lucina potosina, L. potosina 
var. metrica, Nerinea goodellii, Pseudomelania goodellii, and 


. Limestone pebble and cobble conglomerate with well-rounded 


limestone and chert pebbles set in sandy matrix; forms ridge... . 
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Thickness 
in feet 


40 


13 


12 
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27. 


25. 


Nw 


PERMIAN 


Cc. C. ALBRITTON 


. Fine-grained, gray calcareous sandstone weathering buff to pur- 


plish; contains thin interbeds of impure limestone............. 


. Limestone pebble and cobble conglomerate; grades laterally 


Buff- to gray-weathering calcareous sandstone and arenaceous 


limestone, pebbly to 


. Buff- to purplish-weathering argillaceous sandstone and siltstone; 


thin-bedded and poorly 
Limestone cobble conglomerate with occasional chert pebbles up 
to 6 inches in diameter; sandy matrix locally integrated into gray 


. Buff- to purplish-weathering sandy shale and shaly sandstone; 


. Limestone pebble and cobble conglomerate with sandy-limy 


matrix; phenoclasts well rounded, closely packed; contains thin 
interbeds of gray, calcareous sandstone........................ 


. Pebbly, black, arenaceous limestone weathering gray.......... 
. Buff- and purplish-weathering arenaceous shale with thin inter- 


beds of limestone, conglomerate, and sandstone ............... 


. Gray, arenaceous limestone with abundant shell fragments...... 
. Limestone pebble conglomerate with sandy matrix............ 
. Buff- and gray-weathering calcareous sandstone grading laterally 


into dimestone Gommiomerate .. 


. Gray arenaceous limestone and calcareous sandstone .......... 
. Buff-weathering arenaceous limestone................... 
. Arenaceous shale and siltstone weathering buff and purplish ; 


. Thin-bedded, buff-weathering arenaceous limestone ............ 
. Argillaceous sandstone weathering buff and purple ............ 
. Thin-bedded arenaceous limestone weathering buff............. 
. Argillaceous sandstone weathering buff and purple.............. 
. Limestone pebble 
. Limestone pebble and cobble conglomerate with cobbles up 


to 6 inches in diameter; large, angular chert pebbles fairly 


. Calcareous grit grading westward into limestone conglomerate. . 


Limestone pebble conglomerate with sandy matrix............. 


. Laminated, pebbly, calcareous sandstone...................... 


Buff and gray sand and siltstone with interbedded sandy shale. . 
Limestone pebble conglomerate with arenaceous matrix........ 


. Buff- and purplish-weathering arenaceous shale with interbedded 


gray, calcareous sandstone, each bed about a foot thick; with 


Briggs formation—interbedded limestone and gypsum 


Thickness 
in feet 


15 


0-4 


3 ALONE MOUNTAINS 

= 
6 
26 

4 
AS 
3 
4 
21 
12 
19 1 

18 

8 
17 4 
15 

14 1 
13 2 
4 12 05 
11 4 
10 2 
8 
4 
15 
20 
os Total thickness of lower division............................ 413.5 


STRATIGRAPHICAL SECTIONS 


SEcTION 9 


(Descending Order) 


Upper JURASSIC 
Malone formation, lower division 


110. 


Thin-bedded, argillaceous sandstone weathering buff to brown; 


Black, gray-weathering arenaceous limestone with small Astarte 


. Black, gray-weathering, arenaceous limestone................. 
. Buff, argillaceous sand and calcareous sandstone............... 
. Black, gray-weathering arenaceous limestone with Gryphaea 


. Brown- and buff-weathering, argillaceous sand and calcareous 


. Black, brown-weathering, arenaceous limestone................ 
. Buff calcareous sandstone with interbedded arenaceous limestone 
. Brown-weathering arenaceous limestone with hackly fracture... 
. Ferruginous sandstone weathering 
. Brown-weathering arenaceous 
. Buff-weathering, poorly indurated sandstone.................. 
. Brown-weathering arenaceous 
. Black arenaceous limestone with abundant shell fragments...... 
. Black, buff- to brown-weathering arenaceous limestone with 


. Limestone pebble and cobble conglomerate.................... 
. Thin-bedded calcareous sandstone weathering brown; contains 


Gryphaea mexicana, Nerinea goodellii, and Pleuromya inconstans 


. Limestone cobble conglomerate grading laterally into sandstone 
. Fine-grained calcareous sandstone weathering buff to purplish 
. Limestone cobble 
. Fine-grained calcareous sandstone weathering buff to purplish. . 
. Limestone pebble and cobble conglomerate.................... 
. Gray, laminated, fine-grained, calcareous sandstone............ 
. Fine-grained, buff- to purplish-weathering, calcareous sandstone 
. Gray, laminated, fine-grained, calcareous sandstone............ 
. Buff- and purplish-weathering, laminated, calcareous sandstone. 
. Buff- aud purplish-weathering, fine-grained calcareous sandstone. 
. Gray calcareous sandstone and grit grading upward into lime- 


. Buff- and purplish-weathering, fine-grained, calcareous sandstone 
. Limestone pebble and cobble conglomerate.................... 
. Buff- and purplish-weathering, fine-grained calcareous sandstone 
. Limestone pebble and cobble conglomerate.................... 
. Calcareous sand weathering gray and buff..................... 
. Limestone pebble 
. Calcareous sand weathering gray and buff..................... 
. Caleareous sandstone weathering 
. Limestone pebble 
. Calcareous sandstone weathering gray and buff................ 
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69 
68 


67 
66 
65 
64 


Cc. C. ALBRITTON—-MALONE MOUNTAINS 


. Gray- and buff-weathering, poorly indurated calcareous sand- 


. Limestone pebble 


. Poorly indurated, calcareous sandstone weathering gray to buff. . 
. Laminated sandy limestone weathering gray and brown........ 
. Poorly indurated calcareous sandstone weathering gray to buff. . 


. Limestone pebble and cobble conglomerate................... 


62. Buff- and purplish-weathering sandstone...................... 
61. Gray-weathering, calcareous sandstone and limestone pebble con- 


. Buff- and purplish-weathering sandstone...................... 
. Laminated, calcareous sandstone, weathering gray............. 


58. Fine-grained sandstone weathering purplish................... 


. Laminated sandy limestone weathering gray and brown........ 


Purplish- and buff-weathering 


55. Resistant, thin-bedded, calcareous sandstone, weathering gray. . 


Purplish- and buff-weathering sandstone....................... 
Dark gray arenaceous limestone. 


. Purplish- and buff-weathering 


51. Gray-weathering, arenaceous limestone with Pleuwromya incon- 


stans and Pseudomelania 


50. Poorly indurated, purplish-weathering, calcareous sandstone... . 


. Dark, gray- to tan-weathering, arenaceous limestone........... 
. Poorly indurated, calcareous sandstone, weathering purplish. .... 


47. Fine-grained, gray, calcareous sandstone....................... 


44 


. Poorly indurated, calcareous sandstone, weathering purplish... . 
. Black, gray-weathering, arenaceous limestone with Entolium sp., 


Pleuromya inconstans, Pseudomelania goodellii, Idoceras 
. Calcareous sand weathering purplish; carries Pleuromya incon- 
stans and Pseudomelania 


. Black, arenaceous limestone with fossils as in bed 44............ 


. Purplish-weathering, calcareous sand 


. Black, arenaceous limestone with Astarte malonensis and Pseudo- 


. Buff- to purplish-weathering calcareous and shaly sandstone 
. Gray, brown-weathering, calcareous sandstone.................. 
. Purplish-weathering sand; poorly exposed..................... 
. Black, gray-weathering, arenaceous limestone with scattered 
limestone pebbles; contains Gryphaea mexicana and Nerita 
. Thin-bedded, gray- to purplish-weathering sandstone........... 
. Resistant, gray, calcareous sandstone in beds averaging 6 inches 
. Dominantly dark purplish- to buff-weathering, poorly indurated 
sandstone; locally gray where cemented by calcite to form re- 
sistant ledges of calcareous sandstone or arenaceous limestone 
ranging up to 2 feet thick and separated by intervals of about 


Thickness 
in feet 
0.5 


1 
05 
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52 6 

2 
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32. 


31. 
. Thin-bedded, black, shaly and calcareous sandstone, weathering 


STRATIGRAPHICAL SECTIONS 


Black, nodular, septarian limestone, closely jointed transversely 


Black, calcareous and shaly sandstone, weathering purplish...... 
Black limestone closely jointed transversely to bedding...... 


. Fine-grained black limestone closely jointed transversely to bed- 


. Black, calcareous, thin-bedded sandstone, weathering purplish to 


buff; local interbeds of shale and impure limestone.......... 
Dense black limestone closely jointed transversely to bedding. . 


. Black, purplish-weathering, arenaceous shale................... 
. Dense black arenaceous limestone closely jointed transversely to 


. Pink- and buff-weathering, fine-grained, calcareous sandstone 


and arenaceous shale with worm castings.................... 


. Black, arenaceous, fine-grained limestone, closely jointed trans- 


. Dark purplish-weathering, fine 
. Gray, buff-weathering calcareous sandstone.................... 
. Gray, calcareous sandstone, weathering buff.................... 
. Fine-grained, gray calcareous sandstone, weathering buff........ 
. Dense black limestone closely jointed transversely to bedding. . 
. Gray, calcareous sandstone weathering buff to purplish.......... 
. Dense, black, nodular, septarian limestone with closely-spaced 


. Varicolored, thin-bedded, calcareous sandy shale and sandstone; 


. Gray, calcareous sandstone grading into limestone pebble and 


cobble conglomerate with sandy matrix....................5. 


. Calcareous sandstone and siltstone with thin interbeds of gray, 


. Dense black arenaceous limestone with calcite veins; locally 


. Buff- and purplish-weathering gypsiferous sand with interbedded 


gray, calcareous sandstone composing about 5 per cent of the 


. Dense black arenaceous limestone closely jointed and veined 


. Gypsiferous, arenaceous shale weathering gray to buff; poorly 


. Conglomeratic, arenaceous limestone, weathering buff.......... 
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Thickness 
in feet 
2. Gray- to buff-weathering limestone pebble conglomerate with 
matrix of limestone grit; composed almost entirely of frag- 
ments from the Briggs formation........................000- 2 
Total thickness of lower division........................ 575 
PERMIAN 
Briggs formation 
1. White, crystalline limestone, fetid when crushed................ 3 
Section 10 
(Descending Order) 
Lower CRETACEOUS Thickness 
Torcer formation (top not exposed) in feet 
53. Resistant, buff to rusty quartzite (90 per cent) with chert pebble 
conglomerate containing well-rounded pebbles up to 2 inches in 
diameter; beds average about 2 feet thick........................ 40 
Upper JURASSIC 
Malone formation, upper division 
52. Black, fine-grained limestone weathering gray; evenly bedded 
(average 2.5 feet, maximum approximately 5 feet); veined 
Malone formation, lower division 
51. Gray, calcareous sandstone with thin interbeds of chert pebble 
49. Resistant black limestone weathering gray..................... 6 
48. Gray- to buff-weathering arenaceous limestone................. 6 
47. Gray sandy shale weathering tan...................00ceeeeeeee 10 


46. Gray- to buff-weathering arenaceous limestone with Gryphaea 
44. Interbedded sandy gypsum and gray gypsiferous sandstone; beds 
43. Limestone pebble conglomerate..................00ceeeeeeeees 0-6 
41. Thin-bedded, gray, brown-weathering calcareous sandstone..... 10 
40. Limestone pebble and cobble conglomerate with occasional sub- 
angular chert pebbles up to 3 inches in diameter; occasional 


interbeds of gray, brown-weathering calcareous sandstone... . 40 
38. Limestone pebble and cobble conglomerate with sandy matrix. . 5 
36. Limestone cobble conglomerate with sandy matrix; contains 


am 


STRATIGRAPHICAL SECTIONS 


34. Limestone pebble and cobble conglomerate with scattered chert 

32. Limestone pebble and cobble conglomerate.................... 
30. Limestone pebble 
28. Limestone pebble and cobble conglomerate containing about 5 
per cent angular chert 

27. Gray and brown calcareous sandstone with Pleuromya inconstans 

26. Limestone pebble conglomerate with sandy matrix............ 
25. Sandy shale weathering gray to buff.......................... 
24. Brown- and gray-weathering calcareous sandstone grading into 
limestone pebble and cobble conglomerate................... 
22. Gray calcareous sandstone and limestone pebble conglomerate. . 
21. Gray- and buff-weathering calcareous sandstone and shale...... 
20. Gray- and brown-weathering calcareous sandstone with sand 
lamellae standing in relief on weathered surfaces............. 

18. Gray calcareous sandstone with Lucina potosina............... 
17. Sandy shale weathering gray to buff........................... 
16. Laminated calcareous sandstone weathering brown............. 
12. Laminated calcareous sandstone weathering brown............. 
11. Sandy shale weathering gray to buff........................... 
10. Laminated calcareous sandstone weathering brown............. 
9. Gray- to buff-weathering sandy shale; poorly exposed.......... 
8. Black arenaceous limestone with Astarte malonensis, Pleuromya 
inconstans, Lucina potosina, and Lucina 

7. Gray, gray- to buff-weathering, sandy shale.................... 
5. Gray- to buff-weathering sandy shale.......................... 
4. Interbedded calcareous sandstone and sandy shale............. 
3. Gray- to buff-weathering sandy shale......................... 
2. Limestone pebble and cobble conglomerate and breccia with 
buff limestone pebbles predominant; considerable chert in 
matrix which composes about 5 per cent of the rock; thickness 


PERMIAN 
Briggs formation 
1. Interbedded limestone and gypsum; total exposed thickness. ... 
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Thickness 
in feet 
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De 
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Section 11 
(Descending Order) 
Lower CRETACEOUS Thickness 
Torcer formation in feet 

27. Buff- to brown-weathering quartzite with lenses of chert pebble 
conglomerate; top not 25 

26. Sandy limestone and calcareous sandstone with lentils of chert 
pebble conglomerate; poorly exposed...................... 11 
36 


Uprer JURASSIC 
Malone formation, upper division 
25. Dense black limestone weathering gray; in beds averaging about 
2.5 feet thick near base, 5 feet higher in section; large chert 
nodules and stringers up to 2 feet long occur near base, giving 


Malone formation, lower division 
24. Thin-bedded, gray, calcareous sandstone weathering buff to 


brown; interbedded chert pebble conglomerate near top...... 57 
23. Gray limestone pebble conglomerate with sandy matrix contain- 
ing abundant small, angular chert pebbles................... 7 


2z. Calcareous sand and sandy shale; more calcareous beds contain 
Nautilus sp., Lithacoceras malonianum, Astarte breviacola, 
Modiola maloniana, Nerinella stantoni, Pleuromya inconstans, 
Unicardium semirotundum, Trigonia vyschetzkii, and Serpula 


21. Gray sandy limestone weathering gray to buff.................. 3 
20. Gray, buff-weathering, fine sand and sandy shale............... 45 
19. Black sandy limestone weathering gray to buff................. 3 
18. Gray, buff-weathering, fine sand and sandy shale............... 45 
17. Black, coquinitic limestone weathering tan; contains abundant 

16. Gray sandy shale weathering buff..........................00. 2 
15. Black, arenaceous limestone weathering gray to buff........... 25 


14. Buff-weathering sand grading upward into arenaceous limestone 29 
13. Black, gray-weathering, arenaceous limestone with abundant 


12. Gray, calcareous, shaly sand and poorly indurated sandstone. .. 8 
11. Black limestone with Gryphaea mezicana and other fossils as in 
. Black arenaceous limestone weathering brown................. 1 
4 


9 

7. Black caleareous sandstone weathering brown; contains Arca 
? dumbli, Astarte malonensis, A. breviacola, Anatina obliqui- 
plicata, Astrocoenia maloniana, Lucina potosina var. metrica, 
Pleuromya inconstans, Pinna quadrifrons, and Trigonia prae- 


{ 
‘44 
| 
° 


6. 


5. 


4. 
3. 


2. 


STRATIGRAPHICAL SECTIONS 


Thin-bedded, gray, sandy shale with interbedded impure, 
nodular limestone containing Gryphaea mezicana........... 
Gray, brown-weathering, arenaceous limestone with abundant 
Gray, buff-weathering sandy shale; poorly exposed............. 
Black, gray-weathering, arenaceous limestone with abundant 
Gray, buff-weathering, calcareous sandstone (sequence below this 
horizon mainly unfossiliferous and complicated by faulting). . 


Total measured thickness of lower Givision............... 


Section 12 
(Descending Order) 


Upper JuRAssIc 
Malone formation, upper division 


40. 


Thin-bedded, buff, calcareous 


Malone formation, lower division 


39. 


21. 
. Limestone pebble and cobble conglomerate.................... 


Calcareous sandstone with rounded chert pebbles; locally co- 


. Black, arenaceous, gray-weathering limestone.................. 
. Brown and buff, calcareous 
. Black, arenaceous limestone weathering gray.................. 
. Calcareous sandstone weathering buff; poorly indurated........ 
. Black, arenaceous limestone weathering gray ; contains Gryphaea 


mexicana, Pinna quadrifrons, Tapes ? cuneovatus, and Nau- 


. Poorly indurated calcareous sandstone weathering buff......... 
. Thin-bedded, arenaceous limestone weathering buff to gray..... 
. Interbedded shale and calcareous sandstone.................. 
. Thin-bedded, arenaceous limestone weathering buff to gray; con- 


. Interbedded calcareous shale and sandstone weathering buff... . 
. Black, gray-weathering coquinite with Astrocoenia sp.......... 
. Interbedded calcareous shale and sandstone.................... 
. Black, gray-weathering limestone with abundant shell fragments 
. Dark, gray-weathering, arenaceous limestone with Gryphaea 


mexicana, Trigonia vyschetzki, Pinna quadrifrons, Nerinea 
sp. and large echinoid fragments....................00ceeeee 
Fine sand grading upward into calcareous and ferruginous sand- 
stone; beds poorly exposed; thickness approximate........... 
Thin-bedded, calcareous sandstone, locally conglomeratic....... 


216.5 
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Thickness 
in feet 
19. Bluish-gray, arenaceous limestone with shell fragments; beds up 
to 3 feet thick; resistant sandy lamellae locally stand in 
relief on weathered surfaces... 8 
18. Fine-grained, gray, calcareous sandstone; poorly exposed...... 31 


17. Limestone cobble conglomerate with rounded and ellipsoidal 
cobbles up to 6 inches in diameter; sandy matrix composes 
about 2 per cent of rock; forms conspicuous ridge............ 15 

16. Pink- and purplish-weathering, fine-grained, thin-bedded, shaly 
sandstone and sandy shale with interbeds of gray, calcareous 
sandstone. A bed of dense, bluish-gray arenaceous limestone 
2 feet thick divides the member into two parts of equal thick- 


15. Gray, laminated, calcareous sandstone and impure, conglomeratic 

14. Buff- and purplish-weathering sandy shale; poorly exposed..... 21 
13. Thin-bedded, gray, calcareous sandstone....................... 3 
12. Buff- and purplish-weathering sandy shale..................... 7 
11. Thin-bedded, gray, arenaceous limestone...................... 1 
10. Buff- and purplish-weathering, argillaceous sandstone and shale. . 9 


9. Dark, arenaceous limestone with Astarte malonensis, Lucina 
potosina var. metrica, Natica inflecta, Pleuromya inconstans, 


Idoceras clarki, Serpula sp., and abundant wood fragments . 15 
8. Purplish- and buff-weathering, argillaceous sandstone and are- 
naceous shale; poorly 22 


7. Dark, calcareous sandstone grading upward into arenaceous lime- 
stone; contains Lucina potosina var. metrica, Entolium sp., 
Idoceras clarki, and abundant fragments of fossilized wood.... 1.5-3 

6. Varicolored arenaceous shale and argillaceous sandstone grading 
upward into dark gray sandy limestone; worm castings and 


fragments of fossilized wood abundant; poorly exposed...... 92 

5. Limestone pebble and cobble breccia weathering buff to gray; 
basal portion fills channels in Briggs formation............... 1-10 
Total thickness of lower division........................ 428 

Unconformity.......... 
PERMIAN 
Briggs formation 

4. White, crystalline limestone giving fetid odor when crushed.... 0-5 
2. Limestone weathering brownish......................00eeeeees 25 


1. White granular gypsum; base not exposed..................... 100 + 


‘ 
? 


STRATIGRAPHICAL SECTIONS 


Section 13 
(Descending Order) 
Lower CRETACEOUS 

Torcer formation 
13. Black limestone weathering gray; top not exposed............. 
12. Gray, brown-weathering, minutely cross-bedded calcareous sand- 
11. Black limestone weathering gray; contains abundant, tiny 
10. Pebbly dark limestone with interbedded limestone pebble con- 
9. Dense black, gray-weathering limestone; poorly exposed........ 
8. Gray, brown-weathering, calcareous sandstone and grit, minutely 
7. Dense, black, gray-weathering limestone; poorly exposed....... 
6. Black, arenaceous, nodular and pebbly limestone with rounded 
phenoclasts up to 2 inches in diameter...................... 
5. Gray, brown- to buff-weathering arenaceous limestone inter- 
bedded with calcareous sandstone, the lamellae of which show 
small-scale cross-bedding; beds up to 2 feet thick............. 
. Gray sandy shale with Ammobaculites subcretaceus............ 
. Black shaly limestone, locally nodular; poorly exposed......... 
. Dense black, gray-weathering limestone in beds up to 2 feet thick 
. Basal quartzite and chert-pebble conglomerate............... 


Section 14 
(Descending Order) 
Lower CRETACEOUS 
Torcer formation 
7. Rusty quartzitic sandstone and chert pebble conglomerate; top 
6. Gray shaly sand and sandstone with lenses of well-rounded 
5. Gray calcareous sandstone with Exogyra aff. potosina and frag- 
4. Buff- to brown-weathering quartzitic sandstone with interbeds of 
more calcareous, less well indurated sandstone in beds up to 
2.5 feet thick; contains Saccammina cf. sphaerica, Lagena (?) 
sp., Giimbelina paucistriata, and Anomalina torcerensis....... 
3. Black to gray arenaceous limestone grading upward into calcare- 
ous sandstone; contains Exogyra sp. and Pleuromya sp....... 


Upper JURASSIC 
Malone formation, upper division 
2. Gray to black, gray-weathering limestone, generally arenaceous, 
particularly at base where rock grades imperceptibly into cal- 
careous sandstone; beds from 6 inches to 5 feet thick........ 
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Malone formation, lower division 


i: 


Ferruginous and calcareous sandstone in beds up to a foot thick; 
chert pebbles and pebble lentils occur throughout... ......... 


Section 15 


(Descending Order) 


JuRAssIc 
Malone formation, lower division 


62. 


61. 


Cross-bedded, gray, brown-weathering sandstone with lenses of 
Thin-bedded, gray, brown-weathering sandstone with interbedded 


. Black, gray- and brown-weathering arenaceous limestone....... 
. Gray, brown-weathering sandy shale.......................... 
. Black, gray- and brown-weathering arenaceous limestone...... 
. Gray, brown-weathering sandy shale.......................... 
. Black, arenaceous limestone with Serpula sp., Gryphaea mezi- 


cana, Nerinea goodelliit, Pholadomya sp., Lithacoceras ma- 
lonianum, and echinoid fragments 


. Poorly indurated, gray caleareous sandstone................... 
. Gray calcareous sandstone and arenaceous limestone with 


. Coquinitic, black, arenaceous limestone with abundant Gryphaea 


. Dark gray- to tan-weathering sand ......................00005 
. Gray, brown-weathering, calcareous sandstone................. 
. Dark gray- to tan-weathering sand........................005: 


Gray, brown-weathering, calcareous sandstone................. 


. Dark gray- to tan-weathering sand.......................00.. 


46. Poorly indurated, gray calcareous sandstone weathering brown. . 


39. 


38. 


. Dark gray- to tan-weathering sand........................0.. 
. Poorly indurated, brown-weathering, calcareous sandstone...... 
. Poorly indurated, gray, brown-weathering, calcareous sandstone 


with Lucina potosina, Entolium sp., and ammonite fragments. . 


. Black, arenaceous limestone with Nerinella stantoni (unusually 


abundant), Gryphaea mexicana, Lima riograndensis, Haplo- 
ceras cragint, Idoceras schucherti, I. clarki, Lithacoceras 
malonianum, Physodoceras smithi, P. booni, Aspidoceras 
laevigatum, Neobrites nodocostatus, and Serpula sp.......... 
Thin-bedded buff sandstone interbedded with arenaceous lime- 
stone and calcareous sandstone carrying Gryphaea mexicana, 
Pinna quadrifrons, and Entolium 
Pebbly black arenaceous limestone with abundant Gryphaea 
mexicana and ammonite 


Thickness 
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37. 


32. 


31. 


21. 


20. 


16. 


STRATIGRAPHICAL SECTIONS 


Poorly indurated buff- and brown-weathering shaly sandstone 
locally well cemented where calcareous...................... 


. Tan-weathering limestone pebble and cobble conglomerate with 


sandy to gritty matrix; grades eastward into calcareous sand- 


. Gray-weathering, alternating sandy shale and sandy limestone; 


. Tan and light gray interbedded gypsiferous sandstone and re- 


. Limestone pebble and cobble conglomerate grading westward 


Interbedded gypsiferous sandstone and reworked granular 
Gray, calcareous sandstone and grit, locally conglomeratic with 
pebbles up to 3 inches in diameter......................000. 


. Limestone pebble conglomerate. 
. Resistant, gray, calcareous sandstone with abundant shell frag- 


ments; divided by bed of gray shaly sand about 1.5 feet thick. . 


. Gray calcareous sandstone with shell fragments............... 
. Gray calcareous sandstone and arenaceous limestone........... 
. Powdery sandy shale weathering buff.......................0.. 
. Limestone pebble and cobble conglomerate................... 
. Gray calcareous sandstone grading westward into limestone 


pebble and cobble conglomerate............. 
Buff- and purplish-weathering arenaceous shale and shaly sand 
with interbedded gray, calcareous sand..................... 
Gray-weathering limestone pebble conglomerate grading upward 
into gray, calcareous, and arenaceous limestone; contains 
abundant Astrocoenia and Serpula 


. Lamellar gray calcareous sandstone weathering brown.......... 
. Powdery, buff and purplish, sandy shale....................... 
. Thin-bedded gray calcareous sandstone, with interbedded pur- 


164. Dense black sandy 


15. 
. Buff- and purplish-weathering sandy shale..................... 
. Laminated gray arenaceous limestone and calcareous sandstone. 
. Powdery, sandy shale weathering buff to purplish; poorly exposed 
. Black arenaceous limestone with large Lucina and fragments 


Buff- and purplish-weathering sandy shale..................... 


. Powdery, purplish-weathering sandy shale; poorly exposed...... 
. Gray, calcareous sandstone weathering brown.................- 
. Powdery, gypsiferous sandy shale weathering purplish.......... 
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Thickness 
in feet 
5. Gray, calcareous sandstone weathering brown.................. 2 
4. Buff-weathering sand; poorly exposed....................0000- 27 
3. Caleareous, conglomeratic 2 
Total thickness of lower division....................... 560 
Unconformity.......... 
PERMIAN 
Briggs formation 
1. Black, obscurely bedded, pisolitic limestone 
Section 16 
(Descending Order) 
Upper JURASSIC 
Malone formation, upper division in feet 
26. Dense black limestone. 
Malone formation, lower division 
25. Calcareous sandstone with interbedded rusty chert pebble con- 
24. Gray calcareous sandstone weathering buff..................... 45 
23. Gray, brown-weathering, calcareous sandstone grading upward 
into limestone and chert pebble conglomerate................ 1 
22. Black calcareous grit weathering gray; locally arenaceous, with 
20. Black calcareous grit weathering | 
19. Gray calcareous sand and sandstone........................... 75 
18. Black arenaceous limestone with abundant shell fragments; 
grades laterally into limestone and chert pebble conglomerate 2 
17. Gray shale weathering buff; poorly exposed................... 31 
16. Black arenaceous limestone with gastropods.................... 2 
15. Gray calcareous shale weathering tan....................0.000. 11 


14. Black arenaceous limestone with abundant Serpula sp. and 
13. Gray calcareous shaly sand and sandy shale; poorly exposed... 29 
12. Black arenaceous limestone with abundant shell fragments. .... 25 
10. Black, gray-weathering limestone with fossils asin No.8 ....... 2 
8. Black, gray-weathering limestone, with abundant shell fragments; 
contains Serpula sp., Gryphaea mexicana, Nerinella sp., and 
6. Gray calcareous sandstone weathering gray and brown; contains 
Arca taffii, Arca (?) dumbli, Astarte malonensis, Gryphaea 
mexicana, Pholadomya paucicosta ?, Pinna quadrifrons, and 


Ty 
A 
a: 
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STRATIGRAPHICAL SECTIONS 


4. Fine-grained sandstone with thin interbeds of buff-weathering 
shaly sand; with Vermetus cornejot and abundant small 
3. Buff- and purplish-weathering sandy shale..................... 13.5 
2. Limestone pebble, cobble, and boulder conglomerate with sandy 
matrix locally integrated into lentils; all except largest pheno- 


clasts well rounded; poorly exposed....................... 60 
Total thickness of lower division.....................00. 279 
Unconformity.......... 
PERMIAN 
Briggs formation 
Section 17 
(Descending Order) 
Lower CRETACEOUS 
Torcer formation in feet 


49. Buff sandstone and chert pebble conglomerate; top not exposed 25 


Uprer JURASSIC 
Malone formation, upper division 
48. Arenaceous limestone with scattered chert pebbles............ 2 
47. Gray coquinitic limestone with interbedded calcareous sandstone 
and arenaceous shale; poorly exposed; contains Astarte malo- 
nensis, Cyprina coterot, Exogyra potosina, Pecten insutis, Pleu- 


romya inconstans, and Kossmatia aguilerai.................. 23 

46. Black sandy limestone weathering brown...................... 3 
45. Black, gray-weathering limestone in beds up to 7 feet thick.... 157 
Total thickness of upper division........................ 185 


Malone formation, lower division 
44. Fine-grained gray sandstone and brown-weathering quartzite; 
grades upward into chert pebble conglomerate............... 12 
43. Black, purplish-weathering limestone with shell fragments...... 6 
42. Impure limestone with interbedded buff- and purplish-weathering 
siltstone containing Lucina potosina and Pinna quadrifrons; 
41. Black, coquinitic limestone with abundant Gryphaea mezicana. . 2 
40. Impure limestone weathering buff to brown.................... 15 
39. Gray-weathering arenaceous limestone with fragments of ammo- 
38. Thin-bedded, buff-weathering, arenaceous limestone with frag- 
37. Black, coquinitic limestone with abundant Gryphaea mezicana 
36. Black, brown-weathering limestone with interbedded siltstone . 


2 
Lad 
1791 
Thickness 
in feet 


Cc. C. ALBRITTON—-MALONE MOUNTAINS 


Black, coquinitic limestone with abundant Gryphaea mexicana 


. Calcareous sandstone weathering buff to purplish; poorly ex- 


. Black arenaceous limestone with shell fragments............... 
. Calcareous sandstone weathering brown....................... 
. Dark, arenaceous, coquinitic limestone...................5.... 
. Calcareous sand and shale weathering buff; poorly exposed... . 
. Black, purplish-weathering, arenaceous limestone grading down- 


ward into poorly indurated argillaceous and calcareous sand- 
stone; contains Astarte malonensis, A. breviacola, and 


. Gray, brown-weathering 
. Black arenaceous limestone with numerous pelecypod fragments 
. Brown-weathering, arenaceous limestone, pebbly to conglomeratic 
. Buff-weathering calcareous 
. Gray, arenaceous, brown-weathering limestone................. 
. Black, gray-weathering limestone 
. Sandy shale weathering buff to purplish....................... 
. Resistant, buff- and brownish-weathering limestone containing 


. Buff-weathering sand and calcareous sandstone................ 
. Resistant gray limestone weathering buff...................... 
. Caleareous and argillaceous sandstone weathering brown to 


. Black, gray-weathering, arenaceous limestone with conchoidal 


. Brown and purplish-weathering siltstone....................... 
. Dark, arenaceous limestone with occasional limestone pebbles 


. Gray limestone veined with calcite......................0000e 


Brown-weathering sandy 


. Caleareous sandstone weathering buff to purplish.............. 
. Limestone pebble and cobble conglomerate with sandy matrix; 


angular chert pebbles abundant; grades laterally into gray 


. Gray calcareous sandstone with occasional rounded limestone 


pebbles up to 3 inches in diameter.......................05- 


. Buff- and purplish-weathering sandstone; poorly exposed...... 
. Cobble and pebble limestone conglomerate with interbedded 


gray, brown-weathering, calcareous sandstone; abundant chert 
pebbles in conglomerate; poorly exposed.................... 


Total thickness of lower division....................0005 
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STRATIGRAPHICAL SECTIONS 


PERMIAN 
Briggs formation 
1. Black limestone and limestone breccia with interbedded lime- 


Section 18 
(Descending Order) 
Upper JURASSIC 
Malone formation, upper division 
25. Dense black, gray-weathering limestone with scattered chert 
pebbles toward top; beds up to 5 feet thick; lower contact 
distinctly gradational; top not 


Malone formation, lower division 

24. Calcareous sandstone, grit, pebbly sandstone, chert pebble and 

22. Black arenaceous limestone with gastropods and worm tubes.... 
21. Gray, calcareous sandstone weathering buff.................... 
20. Black, arenaceous limestone weathering gray.................. 
17. Gray calcareous sand with interbedded black nodular limestone 
13. Dark calcareous shale weathering buff to brown................ 
10. Impure, coquinitic limestone with abundant Gryphaea sp....... 
9. Black arenaceous limestone weathering brown................. 
8. Dark arenaceous limestone with interbedded calcareous sand- 

stone; contains Gryphaea mezicana, Haploceras cragini, Ido- 

ceras clarki, and Physodoceras 
7. Limestone pebble conglomerate with sandy matrix locally inte- 

grated into lentils of sandstone; occasional chert pebbles. ... . 
6. Gray, conglomeratic, calcareous sandstone with Pleuromya in- 

constans, Unicardium (?) semirotundum, Astarte breviacola, 

Cyprina coteroi, Gryphaea mexicana, and Aspidoceras laevi- 

5. Thin-bedded, gray, arenaceous limestone weathering brown..... 
4. Limestone conglomerate with matrix of grit and arenaceous 


Thickness 
in feet 


175 


8.5 


11 


limestone; interbedded arenaceous limestone; poorly exposed 41-57 


PERMIAN 
Briggs formation 
3. Black, crystalline limestone with intraformational breccia...... 
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Thickness 
in feet 
2. Gray-weathering, siliceous limestone with quartz and calcite 
geodes; locally ferruginous and brown-weathering............ 25 
1. Crystalline, white gypsum with interbedded black crystalline 
Section 19 
(Descending Order) 
Lower CRETACEOUS 
Torcer formation in feet 
4. Rusty quartzite and chert-pebble conglomerate; top not 
Upper JuRASSIC 
Malone formation, upper division 
2. Gray, calcareous grit and arenaceous sandstone weathering 
1. Dense, gray and black, gray-weathering limestone........... 161-175 
Total thickness of upper division..................... 184.5-198.5 
Section 20 
(Descending Order) 
Lower CRETACEOUS 
Torcer formation in feet 
22. Black, gray-weathering limestone, locally pisolitic and con- 
glomeratic with scattered chert pebbles; top not exposed. . 50 
21. Gray- to brown-weathering, fine-grained quartzite with occa- 
sional lentils of chert conglomerate; ratio of quartzite to 
conglomerate about 95:5 per cent....................005. 47 
Upper JURASSIC 
Malone formation, upper division 
20. Black, gray-weathering limestone dominantly fine-grained and 
homogeneous; locally pisolitic, pebbly, and rarely conglom- 
eratic; beds average approximately 2.5 feet in thickness... . 235 


Malone formation, lower division 
19. Fine-grained gray quartzite and chert pebble conglomerate 
with pebbles up to 1 inch in diameter; more ferruginous than 
superficially similar beds in the Torcer; grades upward into 
Gray, CAICATOOUS GANGSUONE... . . 12 
18. Dark gray, gray-weathering, arenaceous limestone with shell 
fragments; beds up to 6 inches thick; poorly exposed...... 10.5 


STRATIGRAPHICAL SECTIONS 1795 


Thickness 
in feet 
17. Buff to gray, brown-weathering, calcareous sandstone and 
arenaceous limestone with shaly partings; beds up to a foot 
16. Black, gray-weathering, arenaceous limestone with shaly part- 
ings; beds up to 2 feet thick; abundant shell fragments with 
15. Black to brown, brown-weathering, arenaceous limestone with 
interbedded calcareous and sandy shale; beds up to 1.5 feet 
thick ; contain Eniolium sp., Astarte malonensis, Trigonia sp. 
14. Dense gray arenaceous limestone weathering gray to tan; 
contains Martesia maloniana, Serpula sp., Nerinella sp., and 
13. Black- to purplish-weathering argillaceous and arenaceous 
limestone with interbedded sandy shale; contains abundant 
shell fragments and local Gryphaea coquinites; beds up to 


12. Purplish-weathering sandy shale with Gryphaea mezicana.... 1 
11. Dark arenaceous limestone with abundant Gryphaea mexicana 

which locally composed coquinites; beds up to 1.5 feet thick 6 
10. Gray limestone pebble conglomerate in places channeled into 

9. Resistant gray calcareous sandstone weathering brown, with 

8. Sandy shale weathering buff; poorly exposed................ 7 
7. Limestone pebble and cobble conglomerate................. 14-18 
6. Laminated, gray, calcareous sandstone interbedded with shale 15 
5. Limestone pebble and cobble conglomerate with shaly inter- 

3. Gray, arenaceous limestone weathering brown............... 05 


2. Mostly unexposed; gray, brown-weathering, calcareous shale 
near bottom; gray, brown-weathering shaly sand near top; 


Total thickness of lower division..................... 158.5-170 


PERMIAN 
Briggs formation 


Section 21 
(Descending Order) 
Lower Cretaceous Thickness 
Torcer formation in feet 
28. Dense, black, gray-weathering limestone in beds averaging 3 feet 
thick; numerous small smooth-shelled gastropods............ 32.5 


| 
i 
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Thickness 
in feet 

27. Dense, black, buff- to gray-weathering limestone, locally con- 

26. Dense, black, gray-weathering limestone in beds up to 3 feet 

thick ; encloses numerous small, smooth-shelled gastropods. . . . 22 
25. Dense, black, buff- to gray-weathering limestone, locally pebbly 

24. Gray, brown- to gray-weathering sandstone and grit............ 22 
23. Dense, dark, gray-weathering limestone with splintery fracture. . 8 
21. Dense, black, gray-weathering limestone with numerous small, 

20. Gray to black shaly limestone; poorly exposed................. 5 
19. Dense, black, gray-weathering limestone with numerous small 

17. Gray, brown-weathering, calcareous sandstone and grit; beds 

average approximately 1.5 feet thick........................ 17 
16. Dense, black, pebbly limestone with numerous small smooth- 

shelled gastropods; beds up to 5 feet thick; forms conspicuous 

14. Black, gray-weathering limestone in beds up to 2 feet thick..... 33 


13. Black, gray-weathering limestone in beds averaging 5 feet thick; 
encloses numerous small, smooth-shelled gastropods......... 34.5 
11. Black, gray-weathering shaly limestone; poorly exposed........ 35 
10. Black, brown-weathering, arenaceous limestone................ 2 
9. Black, gray-weathering limestone.........................005 34 
8. Gray, brown-weathering chert-pebble conglomerate with well- 
rounded pebbles averaging a quarter of an inch in diameter... 


6. Black, gray-weathering, concretionary limestone with pisolites 
up to 2 inches in diameter enclosing chert-pebble nuclei. ... 15 


. Unexposed; slope strewn with fragments of gray limestone...... 
. Gray, brown-weathering chert and limestone pebble conglomerate 
with matrix of arenaceous limestone; phenoclasts well-rounded, 
averaging half an inch or less in diameter; grades laterally 


or 


into sandy and pebbly limestone..........................--. 25 
3. Black, gray-weathering arenaceous limestone with scattered chert 
pebbles toward top; beds up to 2 feet thick.................. 10.5 
2. Gray to buff quartzitic sandstone with thin lentis of well- 
rounded chert pebbles averaging half an inch in diameter.... 25 
Total exposed thickness of Torcer....................... 401.5 


Upper JURASSIC 
Malone formation, upper division 
1. Dense, black, gray-weathering limestone breaking with subcon- 
choidal to hackly fracture; in beds from 1 to 10 feet thick; 


= 


STRATIGRAPHICAL SECTIONS 1797 


Section 22 
(Descending Order) 
Upper Cretaceous Thickness 
Torcer formation in feet 
14. Dense, black, brown-weathering limestone..................... 15 


13. Poorly exposed; slope strewn with fragments of black limestone 
and milky white calcite, the former containing small shell frag- 


12. Dense black limestone weathering gray; numerous shell frag- 
11. Highly arenaceous limestone growing less gritty toward top; 
ferruginous, weathering reddish near base and brownish toward 
10. Dense black limestone weathering light gray; contains small 
gastropod shells; forms conspicuous ridge................... 42 
9. Dark limestone weathering gray and light brown; contains nu- 
merous small gastropods; rounded chert pebbles near base.... 125 
8. Chert-pebble conglomerate and quartzitic sandstone; grades 
laterally into impure pebbly limestone....................... 25 


7. Rusty chert-pebble conglomerate with well-rounded pebbles up 
to 3 inches in diameter; section of fusulinid foraminifer ob- 
served in pebble of black limestone; beds about 6 inches thick 25 


Total exposed thickness of Torcer.................000005 295 


Upper JURASSIC 
Malone formation, upper division 


6: Avenaceous black limestone. . 3 
5. Buff calcareous sandstone with scattered chert pebbles.......... 13 
4. Black, gray-weathering 76 
3. Black limestone weathering 4 

2. Unexposed; slope mantled with fragments of black, gray-weath- 

1. Dense black limestone in layers about 5 feet thick; locally 
Total exposed thickness of upper division............... 310 

Section 23 
(Descending Order) 
Uprer JURASSIC 
Malone formation, lower division in feet 


27. Coarse conglomerate with boulders of buff limestone, gray sand- 
stone and brown-weathering chert up to a foot in diameter; 
matrix of calcareous sandstone; grades upward into pebble 
conglomerate, top of which is not exposed; caps Truncate 


26. Gray calcareous sandstone with lentils of chert and limestone 


| 
1 
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24. Gray, buff- to gray-weathering, calcareous sandstone with con- 


14. 


13. 


12. 
11. 


10. 
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glomeratic lentils; forms small ledge........................ 


. Gray, poorly indurated sandstone.................0cceeeeeeees 
. Gray, buff- to gray-weathering, calcareous sandstone with con- 


. Poorly indurated, gray sandstone. 
. Gray calcareous sandstone, pebbly throughout, locally conglom- 


eratic; ratio of limestone to chert pebbles about 3:1.......... 


. Fine-grained calcareous sandstone with shaly partings.......... 
. Gray, calcareous sandstone with Astarte malonensis, Lucina poto- 


sina, Pleuromya inconstans, Pinna quadrifrons, and fragments 


. Poorly indurated, buff- to purplish-weathering shale........ oe: 
. Vein of milky white calcite; apparently along bedding slip, since 


vein maintains constant stratigraphic position across fold: . 
strata; thickness 3 inches. 


. Gray, brown- to purplish-weathering, arenaceous limestone and 


calcareous sandstone with Astarte malonensis, A. posticalva, 
A. breviacola, Pholadomya paucicosta ?, Pecten insutus, Pty- 
chomya stantoni, Pleuromya inconstans, Trigonia proscabra, 
T. vyschetzkit (forming shell conglomerate near top), and 
Fine-grained, gray, calcareous sandstone with interbedded buff 
and purplish arenaceous shale and shaly sand; beds 1 to 2 feet 
thick; contains Astarte vosticalva (abundant), A. craticula, 
A. breviacola, Exogyra subplicifera, Gervillia corrugata, 
Gryphaea mexicana, Lucina potosina var. metrica, Pleuromya 
inconstans, Trigonia proscabra, T. vyschetzku, and Astarle 
Interbedded buff- and gray-weathering calcareous sandstone and 
arenaceous limestone with shaly partings; contains Astarte 
posticalva, A. craticula, A. breviacola, Lucina potosina var. 
metrica, Ptychomya stantoni, P)-uromya inconstans, Trigonia 
vyschetzkit, T. goodelliit, Astarte malonensis, and Robulus 
Resistant black arenaceous 
Buff- and purplish-weathering siltstone and calcareous sandstone 
with Astarte malonensis, Astrocoenia maloniana, Gryphaea 
mexicana, Lucina potosina var. metrica, L. potosina, Pholado- 
mya tosta, Ptychomya stantoni, Pleuromya inconstans, Pinna 
quadrifrons, Trigonia proscabra, T. vyschetzkit, Natica wil- 
Black, gray- to buff-weathering, arenaceous limestone with shell 


. Fine-grained sandy shale weathering buff and purplish.......... 
. Black, nodular, arenaceous limestone weathering gray; locally 


septarian; contains shell 


. Brown to buff sandy shale; poorly exposed..................... 


Thickness 
in feet 
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6. (Milky white calcite vein—2 inches.) 

5. Black, arenaceous, nodular limestone, with Astarte malonensis, 
A. craticula, Gryphaea mexicana, Lucina potosina var. metrica, 
L. potosina, Natica inflecta, Nerinea circumvoluta, Nerinella 
stanton, Nerita nodilirata, Pholadomya paucicosta (?), Pleu- 
romya inconstans, Pinna quadrifrons, Trigonia vyschetzkii, 

4. Buff- to purplish-weathering sandy shale...................... 

3. Black, sandy limestone weathering gray to buff; contains frag- 

2. Gray calcareous sandstone weathering buff to brown, with local 
interbeds of dark impure limestone containing Astarte malo- 
nensis, A. posticalva, Nerita nodilirata, Pholadomya tosta, 
Plewromya inconstans, Pinna quadrifrons, Haploceras cragini, 
Idoceras schucherti, and I. 

1. Black, gray to buff-weathering arenaceous limestone with abun- 


Total exposed thickness of lower division................ 


Section 24 


(Descending Order) 
Uprer JURASSIC 
Malone formation, upper division 
29. Dense gray limestone streaked with veinlets of calcite; beds from 
2 to 5 feet thick; locally pisolitic; top not exposed............ 


Malone formation, lower division 
28. Limestone pebble and boulder conglomerate similar to No. 27 of 
section 23, but generally finer-grained and with a greater 
amount of matrix; contains chert cobbles up to 4 inches in 
27. Gray calcareous sandstone with scattered chert pebbles......... 
26. Pebble to cobble conglomerate with ratio of limestone to chert 
phenoclasts about 4:1; matrix of calcareous sandstone........ 
24. Limestone pebble conglomerate grading downward into No. 23.. 
23. Buff-weathering limestone and chert pebble to cobble con- 
glomerate with ratio of limestone to chert pebbles about 5:1; 
in beds about 3 feet thick separated by lentils of gray, calcare- 
ous sandstone; becomes finer-grained toward base............ 
21. Black, gray-weathering pisolitic limestone.................... 
20. Gray- to buff-weathering limestone pebble and boulder conglom- 
erate with scattered chert pebbles; matrix of calcareous grit. . 
19. Gray to buff sandy shale; poorly exposed..................... 
18. Fine-grained, gray, calcareous 
17. Gray to buff sandy shale; poorly exposed.................0005 
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16. Fine-grained, gray, calcareous sandstone...................... 
14. (Milky white calcite vein—2 to 4 inches thick) 

13. Gray, brown- to gray-weathering, calcareous sandstone........ 

12. Black, gray- to buff-weathering, calcareous sandstone and arena- 

11. Buff- to brown-weathering sandy shale........................ 

10. Black arenaceous limestone with abundant shell fragments... .. 

8. Dense, black, arenaceous limestone weathering gray; contains 

7. Gray, tan-weathering, calcareous and shaly sandstone and sandy 

6. Gray calcareous sandstone and arenaceous limestone weather- 
ing gray; abundant shell fragments......................... 

5. Bust pendy shale; poorly exposed... 

4. (Milky white calcite vein—1 to 4 inches thick) 

3. Black, nodular, arenaceous limestone with Astarte malonensis, 
A. craticula, Gryphaea mexicana, Lucina potosina, L. potosina 
var. metrica Natica inflecta, Nerinea circumvoluta, Nerinella 
stantoni, Nerita nodilirata, Pholadomya paucicosta (?), 
Pleuromya inconstans, Pinna quadrifrons, Trigonia vyschetzkit, 
and Unicardeum semtrotundum. 

. Black, arenaceous limestone with abundant ammonite fragments 


Total exposed thickness of lower division..................... 


Section 25 


(Descending Order) 


Upper JURASSIC 


Malone formation, upper division 
13. Dense, black limestone in beds up to 5 feet thick; locally piso- 


Malone formation, lower division 

12. Gray and brown mottled chert and limestone pebble conglom- 
erate with ratio of limestone to chert approximately 1:1; 
11. Black, gray-weathering arenaceous limestone with scattered 
10. Limestone pebble conglomerate with sprinking of chert pebbles 

8. Gray, buff-weathering calcareous sandstone and grit with lentils 

of chert and limestone pebble conglomerate................ 

. Fine-grained calcareous sandstone and pebbly arenaceous lime- 
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Thickness 
in feet 
5. Brown- to buff-weathering fine sandy and calcareous shale with 
thin interbeds of calcareous sandstone.................0000- 29 
4. Limestone pebble and cobble conglomerate with concretionary 
3. Black, conglomeratic, calcareous sandstone weathering gray... . 5 
2. Limestone and chert conglomerate....................0000000- 9 


otal thickness of lower division. 122 
PERMIAN 
Briggs formation 
1. White granular gypsum; base not exposed.................... 20+ 


STRUCTURAL GEOLOGY 
GENERAL FEATURES 


The Malone Mountain area lies within and near the northern termina- 
tion of the Sierra Madre Oriental belt of late Cretaceous or Tertiary 
folding and faulting (P. B. King, 1932, pl. 1; 1935, p. 244-249). The 
strong deformation manifest in the Malone Mountains and their outlying 
hills disappears in the 3-mile interval between Railroad Spur and the 
southern foothills of the Finlay Mountains to the north (Pl. 1). This in- 
tervening area is covered with basin-fill, so that the local structural rela- 
tionship between Sierra Madre and Basin-and-Range structural provinces 
remains uncertain. 

Internally the Malone Hills, Malone Mountains, and Carroll Hills are 
characterized by north to northwesterly-trending folds, generally asym- 
metric or overturned to the northeast (Pl. 7, fig. 1; Pl. 8). Locally the 
folds are broken by normal and thrust faults; in the southeastern portion 
of the area they are transected by the Quitman intrusive mass. Inasmuch 
as these structures are shown on the geological map (Pl. 1) and its ac- 
companying structure sections, they will be discussed only briefly. 


FOLDS 


The folds of the Malone Mountains exhibit five striking characteristics: 
(1) Overturning to the northeast or east where closely compressed; 
(2) Tendencies to become more open ana vroader toward the northwest 
end of the mountains (compare sections A-B and I-J); (3) Sinuosity of 
axes, with a general change in trend from northwest to north near the 
southeast end of the mountains. Together with the north end of the Quit- 
man Mountains, the Malone Mountains form a tectonic are convex toward 
the northeast. This is well shown on the reconnaissance map of the region 
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prepared by Baker (1927, Pl. 1); (4) Convergence of axes toward the 
southeastern end of the mountains; and (5) En echelon arrangement. 


THRUST FAULTS 


The thrust faults mapped are of small magnitude, displacements rang- 
ing from a few feet to a few hundred feet. The largest is a break-thrust 
developed across the overturned limb of the anticline trending through 
Fox Hill (Pl. 1, sec. C-D; Pl. 9, figs. 2 and 3). Here the Briggs formation 
has been moved northeastward over the lower division of the Malone 
formation. The fault surface dips 17 degrees SW along the eastern side of 
the hill, where the heave is approximately 350 feet and the throw 100 feet. 
The fault disappears southward before reaching Cedar Canyon; west of 
Fox Hill it is concealed by alluvium. 

A smaller break-thrust is developed across the inverted limb of a sharp 
anticline whose axis trends through Coyote Hill (Pl. 1, sec. G-H; Pl. 9, 
fig. 1). Here the Permian has been thrust eastward over the Jurassic 
along a zone of shearing and brecciation as much as 35 feet thick. Both 
heave and throw approximate 50 feet.® 

Two small thrust faults northeast of Smith Peak (Pl. 1, sec. E-F) are 
notable for the steep inclination of their planes (65 degrees) and for dis- 
placement of overthrust blocks in a direction (SW) opposite to that in 
which the folds are overturned. The throws involved are approximately 
10 feet for each fault; both disappear a short distance along the strike. 


NORMAL FAULTS 


Normal faults are mostly confined to two portions of the Malone 
Mountains: the area south and west of Broadtop Mountain at the north- 
west end of the range; and that west of Gyp Flat at the opposite end. 
With a single exception all normal faults of the first area have downthrown 
sides to the southwest. The two faults west of Gyp Flat, on the other 
hand, both have downthrown sides to the east or northeast. 

A narrow fault zone passing along the northeastern face of Gyp Hill has 
an estimated aggregate throw of 500 feet and a heave of approximately 
150 feet. Together with a fault of similar magnitude trending along the 
opposite side of the hill, this zone bounds a small graben (PI. 1, sec. A.-B). 
The normal faulting around Gyp Hill is the most pronounced in the area; 
elsewhere the faults have small horizontal and vertical displacements. 

Two strike-faults on opposite sides of Reedy Creek are noteworthy in 
that at least one of them has displaced the basin-fill. The fault surfaces 
dip 50 to 60 degrees southwest and are slickensided parallel to the direction 
of dip. Although the displacements could not be determined, they are 


8 This fault was shown on Baker’s (1927, Pl. 1) earlier map of the region. 
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Ficure 1. Foips 1n Jurassic AND CRETACEOUS 
At Smith Peak, northeastern front of Malone Mountains. 


Ficure 2. SyNCLINE 
In Torcer formation near Smith Peak. 


Ficure 3. Foips at Rust Hitt 
Near southeast end of Malone Mountains, Quitman Mountains in distance. 


SYNCLINES AND ANTICLINES 
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Ficure 1. Coyore Hitt 
Dark limestone of Briggs formation thrust eastward over Lower Division of Malone 
formation, which occurs in a syncline at base of hill. Note zone of shearing (whitish 
patch in arroyo leading up hill). 


Figure 2. East Sipe oF Fox Hitt 
Limestone 6f Briggs formation thrust over Lower Division of Malone formation 
along base of cliff in right background. 


Ficure 3. Breccta ALONG THRUST 
Exposed in small arroyo along east side of Fox Hill. 


THRUST FAULTS AND FAULT-BRECCIA 
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probably small. The faults could not be traced more than a few hundred 
feet, and there is positive evidence for their discontinuance beyond the 
exposures mapped. There is no evidence for large marginal faults bound- 
ing either side of the Malone Mountains. 


GEOLOGICAL HISTORY 


The local record of geological events begins in Leonard Permian time, 
when the Malone area was covered with saline waters of a lagoon border- 
ing an open sea which lay to the north. Recurrent partial evaporation 
caused precipitation of less soluble salts, now represented by the anhy- 
drite, gypsum, and limestone of the Briggs formation. At some time be- 
tween Leonard Permian and Kimmeridgian Jurassic stages, the Permian 
sediments were gently warped. By analogy with surrounding areas, this 
warping probably occurred during the late Permian (P. B. King, 1930, p. 
126; Schuchert, 1935, p. 131). Apparently the area was subjected to 
subaerial erosion during the Triassic and most of the Jurassic. 

During the Kimmeridgian stage of the upper Jurassic, a narrow arm of 
the sea which had been occupying parts of the Mexican geosyncline since 
the early Triassic spread northward over, and a few miles beyond, the 
Malone area. In this shallow embayment were deposited gravel, sand, 
silt, and calcareous mud, now represented by their lithified equivalents 
in the Malone formation. No orogenic disturbance marked the close of 
the Jurassic; apparently the area remained under water until late in the 
Cretaceous. In the Malone area, however, post-Trinity sediments have 
either been removed by erosion or lie buried beneath Cenozoic basin-fill. 

Although developments following Cretaceous sedimentation may be 
arranged in their proper sequence, dating of individual episodes must 
await investigations in neighboring areas. The late Cretaceous and 
Cenozoic history of the Malone area is as follows: 

(1) Intense folding of Cretaceous and older rocks, attended by de- 
velopment of small break-thrust faults. Later some of the folds were 
broken by normal faults. Folding in the Malone and adjoining ranges 
to the east has been variously considered to have taken place as far back 
as late Cretaceous and as late as mid-Miocene (Baker, 1927, p. 5, 32-34; 
personal communication dated February 11, 1936). 

(2) Emplacement of the Quitman batholith across folds continuing 
southeastward from the Malone Mountains. 

(3) Extensive denudation, resulting in removal of post-Trinity sedi- 
ments from the Malone Mountains, and in deroofing of Quitman batho- 
lith. 

(4) Basin-filling, resulting in covering of all but the higher portions 
of the Malone Mountains with stream wash. 
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(5) Extrusion of basalt on basin-fill south of the Malone Mountains. 

(6) Dissection of basin-fill by streams, resulting in removal of most 
of the basalt, superposition of streams across resurrected ridges in the 
Malone Mountains, and formation of pediments across fill and adjoining 
areas of harder rock. Active erosion by ephemeral streams continues. 


SUMMARY OF CONCLUSIONS 


Exposed in the Malone Mountains and their outlying hills are folded 
and faulted sedimentary rocks aggregating approximately 2800 feet maxi- 
mum thickness and belonging to the Permian, Jurassic, and Cretaceous 
systems. An unconformity separates the Permian from the Jurassic, but 
the Jurassic and Cretaceous are an essentially conformable, near-shore, 
marine sequence about 2200 feet thick. 

The Briggs formation, which includes Permian rocks of the area, is 
notable for thickensses of anhydrite and gypsum believed to be lagoonal 
evaporites. At least the lower part of the Briggs is of Leonard age, 
equivalent to normal marine shale and limestone a few miles north in the 
Finlay Mountains. 

The formational name Malone has been restricted to include only 
Jurassic rocks of the area. Two divisions of the Malone are recognized; 
Kimmeridgian and Upper Portlandian (Tithonian) ammonites occur in 
lower and upper divisions respectively. The Malone fauna described in 
1905 is Jurassic, as Cragin maintained at that time. Pelecypods thought 
by some to be Cretaceous have been found in beds with ammonites whose 
Jurassic age is unquestioned. Localities where this association has been 
demonstrated may be found by comparing stratigraphical sections in this 
report with traverses located on Plate 1. 

Torcer formation includes the Lower Cretaceous (Valanginian) rocks 
of the Malone Mountains and Hills. Younger Cretaceous strata of Las 
Vigas (?) and Glen Rose formations crop out south of the Malone Moun- 
tains. 

Structures of the mountains have been mapped in detail. Although 
no evidence was found to support Baker’s hypothesis that the Malone 
Mountains are part of a large overthrust block, this does not eliminate 
the possibility that major thrusts are concealed by Cenozoic basin-fill sur- 
rounding the mountains. 

This report embodies first results of a series of stratigraphical and 
structural studies along the Sierra Madre front in Trans-Pecos Texas. 
Work in adjoining areas to the east and north is being continued by J. F. 
Smith, Jr., and J. D. Boon, Jr. 
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ABSTRACT 


Logan described as the Grenville series a highly metamorphosed sedimentary series 
in the vicinity of Grenville, Quebec. His associates and geologists of a later genera- 
tion mapped similar formations in adjoining areas and extended the distribution of 
rocks with Grenville series characteristics into southeastern Ontario and the Adiron- 


dack Mountains. 

These areas are surrounded by somewhat similar sediments, tentatively correlated 
with the Grenville series. They range from the Mendon series east of the Adiron- 
dacks, through the Bruce series northwest of the Haliburton-Bancroft area, to sedi- 
ments in northern Quebec associated with volcanics considered to be a part of the 
Keewatin. Original evidence for these diversified correlations is analyzed, recent data 
collected in other work are applied to the correlation problem, and the Grenville 
series is tentatively dated as pre-volcanic in age. 


INTRODUCTION 
GENERAL REVIEW 


The Grenville series received early attention from Canadian geologists. 
Logan (1863, p. 839) described the limestones from the vicinity of Gren- 
ville, Quebec, as the Grenville series, part of the Laurentian formation. 
Extreme metamorphism makes Grenville a poor type region, and Wilson 
(1925, p. 394) has found the western extension of the series near Madoc, 
Ontario, much more favorable for study. Emplacement of batholithic 
masses, extreme metamorphism of all rocks, and soil mantle on the sedi- 
mentary derivatives have impeded extension of knowledge even though 
work began at such an early date. 


DISTRIBUTION OF RECOGNIZED GRENVILLE SERIES 


The area of the original Grenville lies north of the Ottawa River at 
Grenville, Quebec (Fig. 1). To the east and west long narrow strips 
of metamorphosed sediments, separated by broad areas of fine-textured, 
red granite gneiss, extend northward in subparallel bands. Logan, Ven- 
nor, Adams, Barlow, Wilson, and Osborne mapped Grenville type rocks 
eastward to the St. Maurice River and westward to near Peterboro, 
Ontario. Emmons, Cushing, Smyth, Kemp, Buddington, Balk, and Brown 
extended their known distribution to the south border of the Adirondacks, 
and Canadian geoigists studied them northward to the head of the Gati- 
neau River. Wilsor. designated this general region as the Grenville sub- 
province of the pre-Cambrian. 


PROBLEM OF GRENVILLE SERIES CORRELATIVES 


The problem of correlatives of the Grenville series has two aspects. 
First, the character of the sediments changes on the margins of the recog- 
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nized subprovince limits. Any recognized, systematic variation will sug- 
gest the textures to be expected in the rocks to the east along the north 
drainage slope of the St. Lawrence River and which are classed only 
tentatively as Grenville series. Present data are inadequate to fix defi- 
nitely this northeastern boundary of the subprovince. Secondly, the 
margin of the Grenville subprovince elsewhere is either buried by later 
sediments or granitized at the present erosion level. Granites and gneisses 
of at least two ages bound the Grenville subprovince on the north; engulf- 
ment and replacement have removed large critical areas of sediments 
about the batholiths and destroyed all connections of Grenville sediments 
with series in adjacent subprovinces. Paleozoic sediments extend hori- 
zontally in an unbroken cover over all pre-Cambrian for hundreds of 
miles to the west and south. A band of folded and faulted Paleozoic 
beds 15 miles wide separates the Grenville series of the Adirondack Moun- 
tains from the Mendon series in the Green Mountains of Vermont. The 
Mendon series continues intermittently southward from Vermont to New 
Jersey; it is not established as a correlative of the Grenville limestone 
in the Adirondacks or of the Franklin limestone in New Jersey; only a 
chain of skarn inclusions with Grenville similarities in the Monteregian 
dikes of the Champlain lowland suggests links connecting the Mendon 
series to the Grenville. Thus Grenville sediments are isolated so thor- 
oughly from surrounding regions that correlatives cannot be established 
by direct exploration and survey methods. 


METHOD OF STUDY 


The isolated position of the Grenville series demands an indirect ap- 
proach to study of its age relations with series in surrounding regions. 
Furthermore, the northeastern boundary is indeterminate at present and 
can be fixed only through better understanding of expectable variation 
in textural and structural features. Several indirect methods have been 
adapted successfully to solving correlation problems involving younger 
systems in equally deformed regions. The most successful and applicable 
methods use: 


(1) Data bearing upon source of sedimentary formations 
a. Analysis of systematic change in size of detritus and thickness of sediments 
b. Analysis of change in intensity of rock deformation and inclination of fold 
axes 
(2) Comparison of sequences of events in adjoining subprovinces 
(3) Evaluation of lead-uranium and helium-uranium ratios in the series and in 
associated rocks. 


The first method is useful because sedimentation and denudation can- 


not occur simultaneously at a locality; therefore regions which furnished 
detritus for a series cannot contain correlatives of that series. The second 
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method provides highly suggestive facts because events in a homogeneous 
mobile belt either affect wide areas or vary systematically; therefore a 
correlative series should be preceded and followed by a sequence of 
events similar to that recorded in the type series. The third method 
places narrow limits on the ages of those series under consideration as 
correlatives; products of uranium decomposition should indicate approx- 
imately the same limiting age for correlative and type series. 

The writer has applied all these methods to sedimentary series of 
pre-Cambrian age in eastern North America. Any series failing in tests 
by one method is rejected as a correlative. A series passing all tests is 
designated as a correlative. Those series indicated as correlatives by 
some tests but indeterminate by others are designated as potential cor- 


relatives. 
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SOURCE OF SEDIMENTARY FORMATIONS 
GENERAL STATEMENT 

The source of detritus for a sedimentary series is highly significant 
because any region which is the source of detritus cannot have con- 
temporary deposits. Fragments undergo progressive variation in extent 
of wear and decay as they move farther from their source. Potential 
correlative formations must have continuity of those variations observed 
in the nearest authenticated occurrences; many groups of rocks consid- 
ered as correlative may be discarded on this basis. 


GENERAL CRITERIA OF SOURCE 

The sediments and volcanics of the Grenville subprovince and of ad- 

joining pre-Cambrian subprovinces have thicknesses characteristic of 

geosynclinal accumulations. This is fortunate because most empirical 

criteria on source of sediments are applicable to deposits in geosynclines; 

only two criteria have universal application. Some specific criteria of 
source are: 


(1) Occurrence of heavy accessory minerals of recognized origin 

(2) Diminution in size of transported clastics with increasing distance from origin 

(3) Increased thickness of formation toward source on geanticline side of a geosyn- 
cline 

(4) Inclination of major fold axes upward and outward from the geanticline 
source; folding becomes more open as distance from the geanticline increases. 
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Studies of heavy accessory minerals have not reached a stage where 
they can be applied to this problem, although Wright (1932, p. 262-264) 
has outlined their significance, and Bruce (1936, p. 193-213) has started 
work upon them. Variation in size of transported clastics within the 
Grenville subprovince is of uncertain merit because extreme metamor- 
phism has masked rock texture. However, this is a very significant 
criterion in all provinces to the northwest and north. Workers cannot 
agree upon stratigraphic thickness of Grenville sediments because beds 
are duplicated to an uncertain degree on intricate folds. Even where the 
succession is orderly and determinable, folding has caused wide variation 
in thickness of beds (Fairbairn, 1935, p. 24). This class of data has been 
worked out with extreme accuracy for the Huronian area by Collins 
(1925) and is applicable to the study of origin of sediments northwest 
of the Grenville subprovince. 

The inclination of fold axes is indicative of the location of geanticlines 
and welts furnishing sediment. Bucher (1933, p. 157, 260) has sum- 
marized this phase of work by geologists in all parts of the world and 
concludes: 

“The intensity of deformation increases toward the side of the welt and dies out 
in the opposite direction ...The structure of all intensely folded belts is one 
sided, with folding and thrusting outward from the axial welt much stronger on one 
side than the other.” 

Numerous structure sections in the pre-Cambrian province make this 
criterion applicable generally. 
GRENVILLE SUBPROVINCE 


It has been pointed out that few criteria on source of sediments are 
applicable in the Grenville subprovince. Intensity of folding and paucity 
of outcrops inhibit even stratigraphic measurements. Osborne (1936, 
p. 202) believes that 5000 feet is nearer the true thickness of the series 
for the region from Grenville eastward than are some of the larger figures 
offered; he indicates that the limestone phases have been greatly over- 
emphasized. Brown (1936, p. 236-238) estimates thickness of the lime- 
stone near Edwards, New York, at 6000 feet and the underlying and 
overlying garnet gneisses at 5000 feet each. Such general figures suggest 
maximum thickness in the west but are not useful for critical variation 
studies. 

Major structural axes are better known than stratigraphic details and 
can be applied especially when the local modifications about the anortho- 
site massifs are evaluated independent of regional structure (Balk, 1933, 
p. 26-32). The regional trend away from the anorthosites follows north- 
east-southwest axes as in the Arnprior-Quyon area (Wilson, 1924) and 
swings to an almost east-west direction in the Madoc locality (Wilson, 
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1925, p. 398). Structural axes assume a more northerly trend in the 
Maniwaki and Grenville areas. Folds are more open and gentle north- 
east of Morin, and axes strike N 30° W near Shawinigan Falls (Osborne, 
1936, p. 204). 

Axial planes of folds away from the Adirondack anorthosite disturbance 
dip to the northwest, where detailed descriptions of the structural forms 
at Balmat, New York, furnish critical information (Brown, 1936, p. 241). 
Miller and Knight (1914, section DE on map) indicate similar structural 
planes in Addington County, Ontario, but show a slight southeast dip 
around the southwest side of the granite batholiths in Hastings County. 
These and other cases indicate overturning of folds to the southeast and 
suggest, by application of Bucher’s law, a source of sediments in the 
northwest. 

The broadening of folds from west to east has been demonstrated by 
Osborne and was indicated earlier by Adams (1897) and by Ells (1901, 
p. 31). Structural studies in more favorable regions indicate clearly that 
folds in geosynclinal sediments broaden away from the source of the 
detritus. Application of this principle to the Grenville problem indicates 
a source north and west of the Grenville subprovince. This concurs with 
the evidence from inclination of fold axes. 

Grenville correlatives southeastward from recognized subprovince lim- 
its and more remote from the original geanticline might be less folded and 
changed, except as they are affected by later orogenies, and should bear 
greater similarities to the Shawinigan Falls facies than to sediments 
of the Madoc district. Areas northwest of the geanticline limiting sedi- 
mentation in this subprovince cannot be expected to have Grenville rocks 
since that region is the source of the detritus; instead, gneiss and batho- 
lithic intrusives characteristic of geanticline areas may be expected. The 
margin of this geanticline area should parallel the fold axes in the Gren- 
ville subprovince and begin not far northwest of the outlying folds. This 
expectable western limit would be approximately a line from Toronto 
northeastward to Lake Mistassini. This general consideration casts 
doubt upon the existence of Grenville correlatives in the northwestern 
Huronian trough. 

HURONIAN TROUGH REGION 

General statement——Most criteria on the source of sediments are 
applicable to clastic rocks of the Huronian trough region. The source of 
the Huronian sediments is particularly significant because, if it lies to 
the northwest, caleareous rocks may be expected to become dominant 
and conglomerates to disappear to the southeast; a contrary disposition 
of types would indicate a southeastern source. Even if a narrow margin 
between the Huronian and Grenville geosynclines is the actual southern 
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margin for the Grenville geanticline and the northern for the Huronian, 
the two groups of sediments cannot be correlative, even though contempo- 
raneous, because they occupy different sedimentary basins and formed 
in a different environment. 


Size of particles—The abundant available data on particle size are 
particularly pertinent. In discussing the structure of the Espanola region, 
Quirke (1917, p. 69-70) says: 

“Thus, there were competent formations near the land on the north side, and 

incompetent rocks at the other side far to the south. (Figure 7).” 
His Figure 7 shows conglomerate at the north grading into finer-textured 
pelitic deposits at the south. If this variation is correct, the evidence 
favors a northern origin because streams build their gradient to move all 
but the largest particles, leave the coarsest material nearest the source, 
and take the finer particles toward the estuary. 

Examination of the Huronian sediments, formation by formation, from 
locality to locality is essential. The formation must be identified defi- 
nitely. Fortunately the Bruce series of the lower Huronian has the well- 
defined, easily recognized, fairly continuous Bruce limestone overlying 
directly the Bruce conglomerate which shows wide textural variation. 
Quirke (1921), describing the northernmost occurrences of the Bruce 
series in the Geneva area, says: 


“There is a distinct basal conglomerate overlain by 350 feet of fine grained, white 

weathering quartzite underlying a gradational phase of greywacke giving place to 
limestone.” 
The Bruce conglomerate occupies the position of the greywacke in all 
more southerly regions and becomes distinctly pebbly and bouldery in 
the Webbwood area (Bain, 1925a, p. 107-108). According to Quirke 
(1917, p. 29), the Mississagi quartzite is 4000 feet thick near Espanola, 
and the Bruce conglomerate lying between this quartzite and the lime- 
stone has boulders “14 by 8 inches”. Collins (1925, p. 45) describes the 
Bruce conglomerate south of McLeod Lake as having 65 feet of boulder 
conglomerate in a total thickness of 83 feet and adds that the boulders 
and pebbles are mostly subangular. The evidence indicates an increase 
in size and diminution in wear of the megascopic particles of the Bruce 
conglomerate member as the lower Huronian succession is followed south- 
ward across the geosyncline. 

The writer (Bain, 1925b, p. 187-192) has summarized the variation in 
pebble size for all beds of the Huronian geosyncline in Canada. The 
variation follows the same trend as it does in the Bruce conglomerate. 
On the basis of rules of stream abrasion, transportation, and deposition, 
the source of the fragments of the sediments apparently was to the south- 


east. 
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Thickness of formations—Heim demonstrated the thinning of forma- 
tions away from their geanticlinal source by a system of isopachs, or 
lines of equal thickness of formation, on his maps of the Molasse in the 
northern Alps. Thickness variation relative to source has been used 
since in homogeneous mobile belts such as the Appalachian and Rocky 
Mountains. Application to the Huronian region gives results in accord 
with those obtained by study of rock texture and indicates a source to 
the southeast (Bain, 1925b). Cooke (1933, p. 432-433) concurs partly 
in this opinion and states: 


“The Huronian quartzites of the north shore of Lake Huron thicken rapidly on 
the south, a fact which might be interpreted to mean that the source of the sands 
lay in that direction; and therefore that a land area, not a deeper sea, lay to the 
south in Huronian time”. 

Inclination of axial planes of folds—Many geologists have called at- 
tention to axial planes of deformed structures inclining upward and out- 
ward from geanticlines; Bucher has summarized in a law these observa- 
tions for all studied belts of the world. All axial planes of folds and fault 
structures in the Huronian belt dip down to the south; these structures 
indicate northward thrusting in the geosynclinal sediments. This sup- 
ports the conclusion that the geanticline lay on the southern margin and 
that the stable foreland began somewhere north of Lake Geneva. 

Collins (1925, p. 100-102) emphasizes the greater deformation on the 
south edge of the Huronian geosyncline. This is significant because 
Bucher’s (1933, p. 157) general study indicates that 

“The intensity of deformation increases toward the edge of the welt and dies out 
in the opposite direction”. 

Again evidence points to a landmass source of Huronian clastic sedi- 
ments in the region just south of the line where the Huronian formations 


disappear. 


Summary of evidence from source of sediments—The pebbles of the 
conglomerates become larger to the south. Thickness of Huronian sedi- 
ments becomes greater to the south. All structures in the geosyncline 
are thrust out from the south. Folding becomes more intense toward the 
south. Application of principles, evolved in regions where the record is 
more complete, indicates a geanticline or welt at or near the line of 
disappearance of the Huronian. Textural variations in sediments of the 
Huronian trough indicate that these clastics were moved from this welt. 

The Grenville series begins only a few miles south of the north margin 
of this welt and should have formed a part of the rising mass from which 
the sediments came. Certainly the boulders of the Bruce conglomerate 
and the Serpent formation could not be brought from the remote side 
of the Grenville subprovince. If the Grenville and Huronian are of the 
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same age, they occupy opposite sides of a narrow welt extending north- 
eastward from Lake Huron. This is possible only if other evidence did 
not oppose the conclusion because all evidence from source of sediments 
indicates -that both Grenville and Huronian derived most detritus from 
this welt area. 

TIMISKAMING DIVISION—TIMISKAMING SUBPROVINCE 


General statement—The Timiskaming subprovince lies beyond the 
granite gneiss forming the northern boundary of the Grenville subprov- 
ince. It contains at least two pre-Huronian sedimentary formations. 
The upper has been called the Timiskaming series and is composed of 
greywacke and conglomerate. The lower was designated the Okikeska 
series by the writer (Bain, 1925c, p. 728-748) and has sediments ranging 
from quartzite and greywacke through shale to limestone. 

The Timiskaming series has been recognized and mapped over a much 
wider area than the Okikeska series. Parts rest, in some regions at least, 
nonconformably on the Abitibi voleanics and greywacke. Cooke (1931, 
p. 73; 1933, p. 434) minimizes the importance of the unconformity, 
whereas the latest writings by members of the Ontario Bureau of Mines 
staff (Burrows, 1925a, p. 26-27; Hurst, 1936, p. 451-453) emphasize its 
significance and widespread occurrence. 


Variation in fragment size—The basal member of the Timiskaming 
series is either a conglomerate or contains conglomerate beds in the region 
from Cobalt, Ontario, to Lake Mistassini, Quebec. The most bouldery 
phases occur near Kirkland Lake (Burrows, 1925b, p. 11), and conglom- 
erate beds persist to the north in the Porcupine district (Burrows, 1925a, 
p. 28). The conglomerate thins and is interbedded with greywacke to 
the east in the Harricanaw and Bell River basins. Cooke (1931, p. 65) 
states that: 


“West of the Kinojevis River the amount of conglomerate is large; east of the 
river it is small”. 


He (Cooke, 1919, p. 266-267) reports conglomerate in the base of this 
series in all western occurrences as far north as Lake Mistassini. A 
western source for the Timiskaming series is suggested by persistence 
of conglomerate through the zone trending northwestward from Cobalt 
and by its absence in the eastern occurrences of the series. Cooke 
appears to consider this possible when he suggests as one explanation 
of this disappearance of conglomerate on the south limb of folds along 
the Kinojevis River that: 


“Of course the conglomerate, when deposited, might have thinned so rapidly 
southward as to disappear”. 
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A western source in a geanticlinal landmass not far west of the Porcupine 
gold district is suggested by the occurrences of conglomerate. 


Thickness variation.—The thickness of the entire Timiskaming forma- 
tion has not been worked out at a single section; 2900 feet of greywacke 
is exposed on a single fold on the Kinojevis River, and the total thickness 
of the series may be more than twice this amount. The conglomerate 
member alone is estimated at 3600 feet in Teck township, Ontario. How- 
ever, the estimates are neither sufficiently accurate nor at intervals close 
enough to make a series of isopachs and apply Heim’s criterion. 


Inclination of fold axes—The position and form of fold axes in the 
Timiskaming series are shown directly or indirectly even on the old maps. 
The foliation planes at Kirkland Lake strike north-northeast and are 
vertical or dip steeply westward; in the Porcupine district they strike 
more nearly eastward and are vertical or dip steeply northward (Hurst, 
1936, p. 448). The fold axes are tightly compressed at the north side 
of Lake Opasatika and dip northward; the structures are more open at 
the south side (Cooke, 1931, p. 78-79). Similar northward dips of the 
axial planes appear along the Kinojevis River. 

Application of Bucher’s criterion, based upon overturned and over- 
thrust structures, indicates that the geanticline or welt lies to the north- 
west and on that side of the Timiskaming subprovince where the con- 
glomerates are thickest and coarsest. Thus the only criteria which use 
available data agree in placing the highland area, from which Timis- 
kaming sediments came, to the north and west. 


Application to Grenville problem.—The sources for the Timiskaming 
and for the Grenville sediments lie on the same side of the sedimentary 
belts. Furthermore the Timiskaming clastic phase is on the landward 
side of the caleareous Grenville phase as might be expected in a correla- 
tive formation. Thus no reason based upon source of sediments exists 
for discarding the Timiskaming as a Grenville correlative. However, 
the writer is convinced that stratigraphic relations described in the pres- 
ent paper are so different for the two series that it is impossible for them 
to have the same age. Lead-uranium and helium-uranium ratios like- 
wise point to this same conclusion. 


OKIKESKA DIVISION—TIMISKAMING SUBPROVINCE 


Older sediments have been recognized in the Timiskaming subprovince. 
They are the Nemenjish series, the Pontiac series, and the Okikeska 
series. Each was stated to have different relations to the Abitibi vol- 
canics when the names were applied. The descriptions of the Nemenjish 
and Pontiac series make them simply a top sedimentary phase of the 
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voleanics, whereas the Okikeska series was defi\.d as a pre-volcanic 
group. 

The Nemenjish series is recognized by its peculiar garnetiferous com- 
position. Cooke (1919, p. 269-271) states that it lies conformably above 
the voleanics and that petrographically similar rocks occur as pendants 
in the granite from Nemenjish Lake southward into the Grenville sub- 
province. The formation contains no limestone. 

Wilson (1913, p. 10) divided the Abitibi series into two parts. One 
part included a sedimentary complex which he called the Pontiac series, 
and the other comprised a group of lava flows, elsewhere classed as Kee- 
watin, which he called the Abitibi volcanics. The Pontiac series is com- 
posed of (1) greywacke, arkose and conglomerate, (2) biotite and horn- 
blende schist, and (3) amphibolite. More recent work (Cooke, 1931, 
p. 54) shows that the greywacke, arkose and conglomerate, and at least 
part of the biotite and hornblende schist are equivalent to the Timis- 
kaming series. The conglomerate is at or near the contact with the 
voleanics. However, large areas of sediments with no conglomerate and 
differing in almost every feature from the Timiskaming sediments of the 
Harricanaw and Bell River basins lie within areas of dominant lavas 
(Bain, 1926a, p. 209). They contain actinolite, tremolite, and limestone 
beds which are not part of the Timiskaming series. North of Okikeska 
Lake (also called Lake La Motte) the basal Keewatin flow overlaps 
successively from west to east carbonaceous slate, sandy slates, sandstone, 
quartzite, and limestone (Bain, 1925c, p. 731-734). The contact of 
lava flow with carbonaceous shale or slate is exposed particularly well 
north of Lake Okikeska. Certainly some of the sediments were folded 
and eroded previous to extrusion of the lava so that the basal flow could 
lap this variety of beds. It is not proven that other flows do not come 
below this sedimentary series, but intensive studies have failed to estab- 
lish their existence. The total thickness of sediments recognized is about 
4000 feet. They fail to conform to the definition of the Pontiac or Nemen- 
jish series by being older than the lavas and so were designated the 
Okikeska series after the t; pe locality. 

The Okikeska series has not been recognized at enough places to 
determine a variation trend in character or thickness. Furthermore, the 
source was estimated originally from a few isolated instances of cross- 
bedding, and the writer now regards these as inadequate indicators of 
regional direction of stream or alongshore current flow; they indicate 
only the local flow direction. 

The source of the Okikeska series remains undetermined because of 
inadequate data, and the Nemenjish series is undetermined because of 
extreme metamorphism. Either one or both may be correlatives of the 
Grenville series. 
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NEW ENGLAND SUBPROVINCE 


A narrow belt of deformed Paleozoic sediments in the Champlain and 
St. Lawrence lowlands separates the New England pre-Cambrian sub- 
province from the Grenville of Canada and the Adirondack Mountains. 
Recognized pre-Cambrian sediments along the west front of the Green 
Mountains and the Berkshire Hills are overlain nonconformably by the 
lower Cambrian quartzite northwest of Rutland and east of Lake 
Dunmore. 

The rocks have been designated the Mendon series. Dolomitic lime- 
stone separates two greywacke type formations. More than 2000 feet 
of upper or Nickwackett greywacke was eroded at Lake Dunmore and 
at Coxe Mountain in pre-Cambrian time, and the Cambrian beds rest 
upon the Mendon or Furnace Brook dolomite. This dolomite is about 
500 feet thick. A thin quartzite below it rests upon phyllonitized, arkosic 
conglomerate of undetermined thickness. The entire Mendon series 
covers Mount Holly gneiss. 

The sediments have been affected only slightly by igneous action and 
appear to have suffered little deformation except at this early period 
and again during the Taconic disturbance. Erosion along the Green 
Mountain arch limits width across the structure to about 10 miles, but 
intermittent occurrences along the strike of the mountain belt carry the 
series into the pre-Cambrian complex of the Appalachian Mountains. 
The zone is too narrow to have any great change represented in it, but 
the conglomerate is not recognized below the quartzite beds at Cuttings- 
ville only a few miles east of the mountain front. Disappearance of this 
conglomerate member suggests a western source for the sediments, but 
the evidence has not been verified over a sufficient area. 

A western origin would not exclude the Mendon series as a correlative 
of the Grenville or of the Hastings series. The less compressed folds of 
pre-Cambrian periods and the lower metamorphism coincide with the 
eastern Grenville occurrences in Quebec. The Mendon series could be 
a southward continuation of the only slightly deformed Shawinigan Falls 
facies, extending down the east side of the anorthosite belt. If this is 
the correct interpretation, the Nickwackett greywacke is the upper gneiss 
and the Vermont formation the lower gneiss of Brown (1936, p. 236-238). 


RELATIVE AGES OF SERIES IN SUBPROVINCES 
GENERAL STATEMENT 
The source of sediments for the Grenville series and for series in the 
surrounding subprovinces limits the number of formations to be con- 
sidered. The Timiskaming, Okikeska, and Nemenjish series in the Timis- 
kaming subprovince and the Mendon series in the New England sub- 
province remain as potential correlatives of the Grenville. 
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GENERAL DATE LINE 


Geologists working in the pre-Cambrian of Canada usually consider 
all deformed volcanics Keewatin. Wilson (1913, p. 43) pointed out that 
this practice is incorrect; however it has remained the basis for many 
conclusions written into pre-Cambrian literature, especially that dealing 
with southeastern Ontario. The eastern pre-Cambrian has one great 
voleanic series which is selected as the relative date line, and so far as 
the Grenville is concerned, it is immaterial whether these volcanics are 
called Keewatin or Abitibi. Relation of major voleanic groups to sedi- 
mentary series within the various subprovinces will be examined now 
to determine how many have relationships essential in a Grenville 
correlative. 

GRENVILLE SUBPROVINCE 

The surficial rocks of the Grenville subprovince are dominantly sedi- 
ments. Problematical hornblende schists with amphibolites appear from 
Madoc to Shawinigan Falls and southward to Vermont’s Mount Holly 
series and are considered older than any of the identified sediments. 
Lava flows and tuffs occur in southeastern Ontario. Unanimity of opin- 
ion does not exist concerning the age of these volcanics. Miller and 
Knight (1914, p. 4) concluded that they were older than the sediments 
of the Hastings-Madoe region, whereas Wilson (1925, p. 395) considers 
the voleanics not older than upper Grenville. 

The available maps seem to answer this moot question. Undue 
emphasis has been placed upon disparity in dip of the beds on either 
side of a contact for identification of nonconformity. Absence of dis- 
parity in dip is not critical evidence of conformity in a folded series 
because any original angular discordance is diminished in the direction 
of gliding proportional to closeness of folding and disappears entirely 
on very close isoclinal series. Thus identification of nonconformities on 
the dip is an almost hopeless search in areas of pre-Cambrian rocks. 
Truncation of older beds along their strike at the contact with a younger 
continuous series is much more productive (Bain, 1926b, p. 420-421) 
and is a method applicable to study of such excellent maps as are 
given by Miller and Knight. 

The map of the Gilmore area (Miller and Knight, 1914, p. 82) shows 
a continuous band of Hastings series extending diagonally across bands 
of “rusty schist”, crystalline limestone, and gray gneiss of the Grenville 
series. The only conditions which cause this sort of structural relation- 
ship are: (1) Hastings series overthrust upon Grenville: (2) Hastings 
series overlaid on eroded folds of Grenville. Overthrusting is a definite 
possibility, but the contact features do not indicate an overthrust. There- 
fore the Hastings series should be considered as resting nonconformably 


as 
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upon the Grenville. The volcanics in the southeast corner of the Gilmore 
map sheet are in contact with crystalline limestone, rusty schist, and 
gray gneiss in successive zones from northeast to southwest across the 
area. The successive Grenville beds are capped by a single lava flow; 
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Ficure 2—Map of part of Queensboro pyrite area 


Showing nonconformity below volcanic series and above Grenville. 
(Redrawn from Miller and Knight, 1914). 


if the possibility of an overthrust can be set aside as extremely improb- 
able, then part of the Grenville was eroded before extrusion of the 
lavas, and the erosion surface formed a casting floor for the continuous 
lava flow. 

The volcanics of the Queensboro pyrite map area contact successively 
from north to south crystalline limestone, greywacke, quartzite, limestone, 
greywacke and quartzite, garnetiferous schist, and the greywacke and 
quartzite once again (Fig. 2). Even if the greywacke and quartzite are 
the same as the garnetiferous schist, the volcanics cross the ends of 
at least three distinctly different bands of Grenville sediments within a 
few hundred feet. The map evidence indicates that the volcanics are 
younger than the Grenville series and that the Hastings series in Barrie 
and Kennebec townships overlies both the Grenville series and the vol- 
canies. 
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Succession of rock in southeastern Ontario begins with hornblende 
schist, which is overlain by the Grenville series, the volcanics, and the 
Hastings series. The last three series are separated by nonconformities 
recognizable on any geological map of the region. 

The mafic intrusives of the Buckingham series are the only definite 
counterpart of the volcanics for the southwestern section of Quebec, and 
the Hastings series has been recognized nowhere east of the Ottawa River 
unless the Meach Lake conglomerate should be regarded as a correlative 
formation (Mawdsley, 1930). Osborne indicated that the hornblende 
schists are more extensive and better preserved than in southeastern 
Ontario. Thus throughout the Grenville subprovince series of rocks both 
older and younger than the Grenville sediments have been recognized. 

Any Grenville correlative should have a reasonable part of the upper 
and lower formations in the proper sequence for adequate identification. 
Areas might lack the older series in the succession by having lower rocks 
engulfed in granitization of the basement or might lose the younger by 
erosion and have only the volcanic roots preserved. Even roots of vol- 
canoes are rare in the extreme eastern part of the Grenville subprovince. 

Huronian beds have the necessary succession of events but are ruled 
out as correlatives on the basis of source of their sediments and on their 
absolute age, which will be considered later. The Timiskaming, Nemen- 
jish, Okikeska, and Mendon series need more detailed consideration of 
relations to bounding formations. 


TIMISKAMING SUBPROVINCE 

The pre-Huronian sediments of the Timiskaming subprovince are 
divided into two groups by the great series of Abitibi volcanics. The 
superjacent group includes the Timiskaming series and its correlatives; 
the Okikeska series alone is identified as subjacent. 

The succession in the Okikeska area is very similar to the Grenville 
series of Quebec and Ontario. North of Lake Okikeska and west of the 
road from Amos to the lake, mafic sills and dikes cut the sediments at 
not more than 50-foot intervals. One sill cuts a small granite dike in 
the sediments. The mafic intrusives in the Okikeska series are apophyses 
of feeders to the Abitibi flows and counterparts of the Buckingham series 
farther south. The Abitibi volcanics themselves match the volcanics in 
southeastern Ontario. Mafic intrusives are very rare in the nearest 
Timiskaming series which matches the Hastings ‘series in character and 
stratigraphic position. 

The base of the Okikeska series has not been found. Granite, intrusive 
into the young quartz diabases of the Shield, has invaded its lower grey- 
wacke member at all known occurrences. On a basis of the relative 
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position in a similar series of events of approximately the same period, 
the Grenville and Okikeska series can be correlative, and the Timiska- 
ming occupies the wrong time relation to the most important volcanic 
group to meet the correlative requirement. 


NEW ENGLAND SUBPROVINCE 


The Mendon series stands out as a potential Grenville correlative. It 
lies so far toward the east side of the Grenville area that it should be 
compared with the Shawinigan Falls facies rather than with the Madoc 
facies. The Buckingham series is poorly developed, and the lower horn- 
blende schists and gneisses are abundant in this eastern region. 

The Mount Holly gneiss underlying the Mendon series has abundant 
hornblendic bands and resembles the lower Grenville figured by Osborne. 
No pre-Cambrian mafic intrusives have been found in the Mendon series, 
and the only questionable volcanic rocks are felsites with flow structure 
appearing in their westernmost locality southwest of Rutland. 

The Mendon series may be correlative with the Grenville. However, 
up to the present, its minimum age has not been fixed by an overlying 
pre-Cambrian formation. It may be a correlative of the Hastings series, 
although the stratigraphic characteristics cited correspond more closely 
with those of the Grenville. 


ABSOLUTE AGE OF SERIES WITHIN SUBPROVINCES 
GENERAL STATEMENT 

Two closely related methods of determining the absolute age of rocks 
have been devised. Both methods depend upon rate of spontaneous 
decomposition of uranium, actinium, and thorium. Both are reliable 
only within limits and only the minimum limit of the age of the rocks 
can be determined. Thus use of the methods is merely age limiting in 
its application to the Grenville problem. 


METHODS OF DETERMINING ABSOLUTE AGE 


General statement—tThe first and older method utilizes the solid 
product of uranium decomposition—lead—and is accurate only if the 
lead has not been leached. Radioactive minerals associated with either 
carbon minerals or silica appear to have been leached of some lead and 
cannot be used. Conversely, weathering removes more uranium than 
lead and raises the relative lead content, indicating too great an age. 
Thus only fresh specimens of uraninite, euxenite, monazite, and a few 
others can be considered approximately reliable. These minerals occur 
in pegmatites only; they indicate the age of the pegmatite, and the peg- 
matite is known to be younger only than the rocks it intrudes. 
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The second method measures helium, the gaseous product of uranium 
decomposition. This inert gas is not adsorbed on the walls of rock pores 
and diffuses rapidly from all but the most impermeable rocks. The 
method is therefore applicable only to fresh specimens obtained from 
deep drill cores in dense mafic rocks. Depth restrains diffusion under 
any conditions, and fine-textured mafic rocks have the lowest diffusivity 
rate. The method is applicable with equal ease to both extrusive and 
intrusive types. Towever, loss of helium by the rock is a constant threat 
to reliance on these determinations; they may be too low but never too 
high. Comparison of lead ratios with helium determinations bear out 
this general expectation and give a general conversion factor for changing 
values obtained on one basis into those from the other. 


Lead-uranium metiod.—The lead determinations on radioactive min- 
erals from the Grenville subprovince fall into three distinct groups with 


TasLe 1—Minerals from the southern pre-Cambrian 


Pb 
Mineral Locality 
U + 0.38 Th 

Henvey township, Ontario........... 0.111 
Madawaska, Ontario................ 0.11 
Buckingham, Quebec............... 0.151 
7. Euxenite-polycrase..... Mattawa, Ontario. ................. 0.156 
Parry Sound, Ontario............... 0.154 
10; .. Lac Pied des Monts, Quebec......... 0.148 

1. H. V. Ellsworth, 1931, Amer. Mineral., vol. 16, p. 577. 

2. H. V. Ellsworth, 1927, Amer. Mineral., vol. 12, p. 367. 

3. H. V. Ellsworth, 1932, Amer. Mineral., vol. 17, p. 27. 

4. H. V. Ellsworth, 1928, Amer. Mineral., vol. 13, p. 448. 

5. H. V. Ellsworth, 1928, Amer. Mineral., vol. 13, p. 487. 

6. H. V. Ellsworth, 1927, Amer. Mineral., vol. 12, p. 216. 

7. H. V. Ellsworth, 1926, Amer. Mineral., vol. 11, p. 330. 

8. H. V. Ellsworth, 1922, Canad. Geol. Survey, Summ. Rept. 1921, Pt. D, p. 61. 

9. H. V. Ellsworth, 1930, Amer. Mineral., vol. 15, p. 457. 

10. H. V. Ellsworth and F. F. Osborne, 1935, Report Natl. Research Council U. S., p. 48. 
11. C. M. Alter and E. M. Kipp, 1936, Amer. Jour. Sci., ser. 5, vol. 32, p. 126. 

12. H. V. Ellsworth, 1924, Canad. Geol. Survey, Summ. Rept. 1923, Pt. Cl, p. 20. 

13. H. V. Ellsworth and J. S. deLury, 1931, Amer. Mineral., vol. 16, p. 572. 
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a majority in the middle-age category. If these results are accurate, 
and they are the most reliable that chemists can give, they show at 
least three pegmatite-making periods in this general region. Further- 
more, even the most ancient pegmatites cut skarns and crystalline lime- 
stones of the Grenville series which must therefore be even older. More 
ancient pegmatites occur in Manitoba and at Great Bear Lake; whether 
they are older or younger than the Grenville series is unknown. Lead- 
uranium ratios of minerals from the pre-Cambrian are grouped into 
their respective categories in Table 1. 


Helium-uranium method.—The helium determinations give the mini- 
mum age of the mafic rocks in which the elements occur. The more 
tightly helium is sealed in the rock until analysis the more accurate is 
the result of the determination. Those determinations reported on reli- 
able rocks from the Grenville subprovince and adjacent regions are listed 
in Table 2. 


TaBLe 2—Helium age determinations from southern pre-Cambrian 


Rock Locality Years X10~* 
Keewatin* andesite............ Rowyn, Quebec: 1090+ 90 
Woolen Mill gabbro............ Elizabethtown, New York....... 670+ 85 
Post-Huronian diabase......... Sudbury distric‘, Ontario........ 635 + 100 
Nickel itruptive............... Sudbury district, Ontario........ 550+ 15 
Nickel irruptive..............- Sudbury district, Ontario........ 530+ 15 
Keweena'van diabase........... Keweenaw Point, Michigan...... 535+ 20 


*Abitibi volcanic series, tentatively called Keewatin by some geologists. The usage seems to be 
incorrect. 
Determinations are by Urry (1936). 


LIMITING AGE OF ROCKS IN RELATION TO GRENVILLE SERIES 


These measurements show four age groups of mafic rocks, and one 
is so placed that it permits a cross correlation between the helium and 
the lead methods and checks their disparity. The 0.11 lead-uranium 
ratios are regarded as, but not proven, products of the Killarney dis- 
turbance (Ellsworth, 1931). The Sudbury district mafic rocks are only 
slightly earlier than the Killarney granite which cuts them at numerous 
places around the west end of the nickel irruptive. Thus 550 X 10° years 
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by the helium method represents the same series as the 0.11 lead-uranium 
ratio indicating approximately 790 10° years. This shows the helium 
determinations low, as might be expected with the values lower in the 
coarse norite than in the finer gabbro-diabases. If the Killarney disturb- 
ance group of intrusives is used as a starting base, the older metadiabase 
of the Noranda mine at Rouyn approximates the age indicated by the 
0.15 lead-uranium ratio, and the Abitibi (Keewatin) andesite fits into 
the age indicated by the Wilberforce and Cardiff uraninites. 


CORRELATIVES OF GRENVILLE SERIES 


The chemist’s approach gives the same relative age for formations as 
the methods of the field geologist. Correlatives of the Grenville must 
have a lead-uranium ratio of more than 0.17 and a helium determined 
age of more than 1,100 10° years. The Okikeska series below the 
Abitibi volcanics, and hence more than 1,100 X 10° years, is the only 
series in the Timiskaming subprovince which can fill this requirement 
and probably is a true correlative of the Grenville. The Mendon series 
may meet the requirement, but phyllonitization during the Taconic dis- 
turbance would have reduced the helium content of the rocks so that 
applicability of the method is very questionable. 

The sediments and volcanics in regions northwest of the Huronian 
geosyncline are intruded by pegmatites older than those in the Grenville 
series. Evidence suggests but does not prove that these sediments and 
volcanics are older than the Grenville; whether they are Grenville correla- 
tives is extremely doubtful because they lie so far outside the Grenville 
geosyncline of the east. Certainly the entire question of age of the 
volcanics in the Timiskaming subprovince should be reconsidered because 
uranium methods give them a much younger age than do pegmatites 
intrusive into the Keewatin volcanics of the type area in the Manitoba 
boundary district. These western rocks are very old, and the Grenville 
and its correlatives are established as the oldest recognized rocks in the 
eastern part of the pre-Cambrian province only. 
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ABSTRACT 


Welded rhyolite tuff, of Pleistocene age and having an areal extent of 400 square 
miles and an average thickness of 500 feet, occurs between Bishop and Mono Lake in 
eastern California. In its upper portions, pumice lapilli are imbedded in a porous 
vitric-crystal matrix. In sections several hundred feet thick, there is a textural and 
structural gradation from top to bottom, wherein, at the base, vitric constituents are 
compressed, distorted, and aligned in the horizontal plane, and the structure becomes 
very compact. This is the result of the compression of the basal parts of a heated 
pyroclastic mass by the weight of overlying material. In some thick sections, the 
glassy constituents have crystallized to fibrous aggregates of tridymite and potash 
feldspar. In the field the tuff is characterized by an absence of bedding, by columnar 
jointing, and by a surface which is remarkably even despite the irregularities of the 
buried topography. 

The vents are concealed by the tuff but are probably scattered through the region 
along faults which have been active both before and since the eruptions. The type 
of eruption represented is similar to the nuées ardentes and comparable in detail to 
the “Katmaian sand-flow” of Fenner, a type which is being widely recognized in 
recent work. 


INTRODUCTION 


The expression “welded” was first used in a petrographic sense by 
Iddings (1899, p. 404-406; 1909, p. 331-333) to describe fragmental vol- 
canic rocks in Yellowstone National Park in which fragments of pumice 
are “collapsed” and the whole consolidated by sintering of the vitric 
fragments. Such rocks were necessarily hot at the time of emplacement. 

The rhyolite tuff described in this paper, a formation deposited by 
nuées ardentes of the “Katmaian type” (Fenner, 1937, p. 236), belongs 
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to the category of welded tuff. Such deposits have been widely recog- 
nized only in recent years, and the author hopes that the description of 
one of them given in this paper will help in the recognition of others 
which may be found and also contribute toward a better understanding 
of their origin. 

The author studied the tuff which forms the subject of this paper 
during the summers of 1935, 1936, and 1937 while he was engaged in 
mapping the geology of the region southeast of Mono Lake in California. 
Since the formation covers an extensive area, has characters unique in 
the region, and represents a definite part of the Pleistocene epoch, the 
name Bishop tuff is suggested as a fitting designation, after the chief 
town in the vicinity. ‘ 
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GEOLOGIC SETTING 


Lying between Mono Lake and the town of Bishop, about 60 miles 
to the south, and bounded east and west by the towering White Moun- 
tains and Sierra Nevada respectively, the region studied! (Fig. 1) is 
broken by a number of small fault-block ranges. Within it a rather 
complete sequence of late Tertiary and Pleistocene vol. +. rocks is 
exposed. 

The oldest Tertiary rocks are rhyolite and malchite dikes which are 
injected into pre-Tertiary metamorphic and plutonic rocks. Miocene 
and Pliocene lavas and tuffs lie on an old-age erosion surface cut in 
the earlier formations. Of these extrusive rocks, the oldest are rhyolite 
tuff and several rhyolite flows, exposed in the northeastern part of the 
region, which in turn are overlain by a thick series of andesite flows, 
breccias, conglomerates, and tuffs. Lower Pliocene olivine basalt flows 
overlie the andesite and are discontinuously exposed over the entire 
region. A mountainous mass of rhyolite lies on the basalt in the central 
part of the region, and eastward from there streams have spread a sheet 
of rhyolite tuff and gravel. Small erosional breaks separate these four 


voleanic units. 


1 The region studied is included in the Mt. Morrison Quadrangle and adjacent parts of the Mt. Lyell, 
Mt. Goddard, Bishop, and White Mountain quadrangles, California, published by the United States 
Geological Survey. 
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All four are displaced by numerous normal faults, along the largest 
of which the ranges were relatively elevated and the intermont valleys 
relatively depressed. This faulting has continued until recent times, but 
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Ficure 1.—Sketch map of California showing location of area studied 


the major part of the displacements occurred before the Sherwin or second 
(Blackwelder, 1931, p. 900; F. E. Matthes, personal communication) 
glacial stage. 


36° 
> 
2 
N 
4 > 


GEOLOGIC SETTING 1833 


The Sierra Nevada was a center of ice accumulation during the Pleisto- 
cene epoch, and valley glaciers extended both east and west from ice 
fields near the summit of the range. The moraines of the Sherwin stage 
are buried by the Bishop tuff which was erupted from vents scattered 
in the central part of the region, and the tuff in turn is overlain by 
moraines of the last two glacial stages. Along the base of the Sierra 
Nevada for about 25 miles south of Mono Lake voleanic activity has 
been almost continuous since the eruption of the Bishop tuff. First 
occurred the eruption of basalt flows and domes of andesite, and later 
the protrusion of viscous rhyolite domes and explosive eruptions which 
scattered rhyolite pumice widely over the northwestern part of the area. 


DISTRIBUTION OF BISHOP TUFF 


The accompanying map (Fig. 2) illustrates the details of distribution 
of the tuff between Mono Lake and Bishop. Its visible extent is approx- 
imately 350 square miles, but it also underlies the Mono Craters, since 
it has been encountered in the tunnel now being constructed there 
(Putnam, 1938, p. 82), and undoubtedly extends eastward from the 
Craters beneath the mantle of Pleistocene pumice. Furthermore, it prob- 
ably extends beyond its visible margins under the alluvium of Owens, 
Long, and Adobe valleys. Thus the total areal extent of the tuff 
is between 400 and 450 square miles. Youthful stream gorges cut into 
it exposing its base only in a short section of Owens River Gorge and 
along the south margin of Adobe Valley; yet the thickness of tuff exposed 
in these gorges averages between 400 and 500 feet. Consequently the 
total volume of the Bishop tuff approximates 35 cubic miles. 

The major topographic features, the ranges and large depressions, con- 
trolled the distribution of the tuff, for, although it is as recent as middle 
Pleistocene, there are no traces of the tuff on even the flattest and least 
dissected of the summits which rise above its surface. It could not have 
been stripped from these ranges in so short a time, nor is debris from such 
erosion apparent in the region. The obvious conclusici. 1: that the Bishop 
tuff never covered the ranges which rise above it a: that its present 
distribution is essentially its initial distribution. 


GENERAL CHARACTER OF BISHOP TUFF 


COMPOSITION 


The cognate (essential) material of the tuff is rhyolitic. Fragments of 
porphyritic pumice containing abundant phenocrysts of quartz and san- 
idine, and some of plagioclase and biotite, are sprinkled at random 
through a matrix of fine vitrie tuff in which are also imbedded discrete 
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Ficure 2.—Geologic map showing distribution of Bishop tuff 


crystals similar to those in the pumice. The crystals compose about 
10 per cent of the material, and quartz and sanidine predominate every- 
where. Accidental fragments derived from underlying rocks are sparse. 

The color of the deposit ranges from white through buff and pink to 
reddish brown, but the cause of these variations is not known. 
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TEXTURE AND STRUCTURE 


The sorting of the tuff is poor. The matrix appears to be a consolidated 
mixture of dust and ash while the pumice fragments scattered through it 
range from tiny lapilli to bombs 2 feet in diameter (PI. 1, fig. 1). Such 
large bombs are unusual; most of the pumice fragments measure less than 
2 inches in diameter, and together they constitute between 10 and 20 
per cent of the tuff. Accidental fragments are commonly less than an 
inch in maximum dimension; the largest seen have a length of 6 inches. 
Of these larger fragments, most are composed of massive rocks, while 
fragments of foliated rocks generally occur as smaller chips. 

Marked changes in the texture and structure of the tuff occur between 
its top and bottom and are visible where thick sections are exposed in the 
field. These changes are gradational; their general nature may be sum- 
marized as follows: 

Pumice fragments which are unoriented and very porous at the top 
of the tuff are progressively collapsed, flattened, and alined in the hori- 
zontal plane toward its base. At the bottom of thick sections, the frag- 
ments are lenticular; some are glassy and resemble lenses of porphyritic, 
perlitic obsidian, while others are lithoidal and spherulitic. The pheno- 
crysts in these pumice fragments show no change. 

The matrix of the tuff, soft and porous at the top, becomes gradually 
less porous and harder toward the base of any thick section, where it is 
hard, dense, and either lithoidal or glassy. Crystals in the matrix remain 
the same throughout. Though soft at the top, in most places the tuff is 
extremely tenacious. The pick end of a hammer may be driven deep 
into it without causing fracture, and, though it can be easily broken by 
blows from the dull end of a hammer, it does not ring and is dented by 
the blow. This is in marked contrast to the hard variety of tuff which 
occurs at the bottom of the formation. Its tenacity seems to be a function 
of the degree of welding of the vitric constituents while its hardness is 
determined partly by its porosity, the least porous being the hardest. 

The thickness of the section determines the degree of flattening of 
pumice fragments and the density and hardness of the matrix which are 
developed at the base of the tuff. Very hard types in which the pumice 
fragments are compact lenticles can be found only at the bottoms of 
sections which are as much as 350 to 400 feet thick. 


BEDDING 


Bedding is conspicuously absent. Along the southeastern margin of 
Long Valley, and for several miles below that valley along Owens River, 
several thick members make up the tuff, but these cannot be called beds 
since they range in thickness from 75 to nearly 200 feet. As will be 
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shown, each one represents a separate eruption. Though they have 
similar compositions, each differs slightly in color from the others above 
and below it, and the thinner ones are scarcely consolidated. At least 
five members compose the tuff in the upper part of Owens River Gorge, 
near Long Valley, where the exposed thickness of the formation is 700 
feet (Pl. 2, fig. 2). Toward the base of each thick member, pumice frag- 
ments are slightly flattened, and the porosity is less, but such changes 
from top to bottom are related to each member rather than to the entire 
formation. 

The tuff northwest of Glass Mountain is composed of one member 
between 400 and 500 feet thick. No bedding is visible in this locality, 
and there is a complete textural and structural gradation from top to 
bottom of the tuff, though the actual base is not exposed. 

A section exposed in lower Owens River Gorge (PI. 2, fig. 1) is without 
bedding and reveals a complete textural and structural gradation from 
top to bottom. There is, however, a faint separation in the middle of 
the section between the less resistant and highly jointed upper portion 
and the hard, unbroken portion below. Likewise, in Rock Creek Gorge 
the tuff is separable into three members on the basis of color, jointing, and 
resistance to erosion, but the textural and structural gradation from top 
to bottom ignores the apparent separations between the members. 

Several slightly sorted beds of tuff which range from an inch to a foot 
in thickness occur above the lowest member in Owens River Gorge 
2 miles below Long Valley. These beds can be traced for 50 yards along 
only the southern wall of the gorge. They are local features which were 
presumably developed by a stream which flowed across the surface of the 
tuff for a short period before the later members were emplaced. 


COLUMNAR JOINTING 


Well-developed columnar jointing is a distinctive feature of the forma- 
tion. It may characterize the entire exposed thickness of the tuff in one 
place, whereas it may be absent in another, or it may be confined to only 
one horizon. For example, it characterizes the basal part of the tuff in 
upper Rock Creek Gorge (PI. 1, figs. 2, 3) and the uppermost part of the 
tuff farther downstream, and in the lower part of Owens River Gorge it 
is confined to and developed locally in the upper part of the formation 
(Pl. 2, fig. 1). Northwest of Glass Mountain, columnar jointing has not 
been well developed in the tuff. 

The columns may have any attitude whatever, from vertical to hori- 
zontal, and their cross sections may be four, five, or six sided. In Rock 
Creek Gorge, and in Owens River and Chidago gorges, the columns de- 
veloped in the upper part of the tuff have diameters of between 3 and 
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Ficure 1. At Top or Turr 


Pumice fragments imbedded in fine matrix 


Ficure 2. CoLuMNAR JOINTING 


At base of tuff in Rock Creek Gorge 


Figure 3. Cross SECTIONS 


Of columns shown in Plate 1, figure 2 
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Ficure 1. Exposure 1n Lower Part or Owens River GorGeE 
(SECTION 2) 


Ficure 2. Exposure 1n Owens River GorGE 
Near Long Valley (Section 5) 


Ficure 3. Even SurFace or Turr West oF Casa D1aBLo MountrvAIN 
Sierra Nevada in background 
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5 feet, while in the basal part of the formation in Rock Creek Gorge the 
maximum diameter of columns is 3 feet. 


SURFACE 


Original surface—Topography alone approximately delimits the mar- 
gins of the tuff, for its surface is remarkably even in contrast to the 
topography developed in adjacent areas (PI. 2, fig. 3). That the present 
surface of the tuff is essentially its original surface is demonstrated by 
the extreme youth of the gorges cut into it and by the fact that its soft, 
porous upper portion has not been removed by erosion. The absence of 
bedding and sorting and the many features of the textural and structural 
gradation in the tuff which can be shown to be of primary, igneous origin 
prove that the present surface was not built up by deposition of debris 
transported by normal agents of erosion. 


Relation to buried topography.—In a general way, the surface reflects 
the underlying topography developed on the older rocks before the em- 
placement of the tuff. Thus its surface slopes southward toward Bishop 
as does the underlying, older surface. Similarly, the tuff surface slopes 
eastward toward the White Mountains between Bishop and Blind Spring 
Hill and also toward Adobe Valley in the region northwest of Glass Moun- 
tain, and the older surface beneath slopes in a similar direction. 

In contrast, however, the surface of the tuff in no way reflects the 
details of buried topography. Conclusive proof of this is afforded by 
an exposure in the central part of Owens River Gorge where the stream 
has cut through the tuff to the underlying granite which is capped by 
basalt. Three small fault blocks, the scarp on the highest giving a 
relief of 400 feet, were produced in these older rocks, and the Bishop 
tuff has completely buried all of them. It also abuts directly against 
the major fault searps of the region without notable change in the slope 
of its surface. The general even character of its surface is enough to 
show that the details of buried topography are not reproduced there. 


Margins of tuff—The abrupt limits which characterize the Bishop 
tuff are particularly noticeable in the western part of Adobe Valley 
where cliffs 300 feet high mark the visible limit of the tuff and the 
beginning of valley alluvium. Similar cliffs mark the apparent limits 
of the formation in Owens Valley north of Bishop and in the southern 
part of Long Valley, but in both of these areas there are small, unim- 
pressive outcrops of the tuff in the valley areas beyond the cliffs, which 
show that it extended at least a little beyond the present marginal cliffs. 
Faulting may have contributed to the formation of these cliffs in Long 
Valley, but north of Bishop and in Adobe Valley erosion alone is respon- 


| 
| 
i 
A 
| 
| 
| 
| 
| 
4 


1838 C. M. GILBERT—-WELDED TUFF IN EASTERN CALIFORNIA 


sible. The tuff apparently erodes in this manner because of its tenacity, 
massive character, and columnar structure. It is also a fact, observed 
best in the region south of Blind Spring Hill, that the extreme margins 
of the tuff are poorly consolidated, which may account, in part, for 
the rapid removal of marginal parts of the deposit with the production 
of cliffs within the more resistant portion some little distance back from 
the original margin. 


CONSTITUENTS OF BISHOP TUFF 
COGNATE CONSTITUENTS 


Glass——Fragments of glass are the most important constituents of 
the tuff. The glass has an index of refraction between 1.495 and 1.500. 
While many of the glass shards remain unchanged since the emplace- 
ment of the tuff, many more have suffered a change in the form of 
the fragments and the structure of the glass composing them, and 
others have crystallized to aggregates of potash feldspar and tridymite. 


Crystals —Crystals of quartz, sanidine, oligoclase, and biotite are 
always present, occurring as phenocrysts in pumice lapilli and as dis- 
crete crystals in the tuff matrix. Quartz and sanidine are most abundant, 
and the largest crystals measure 2 millimeters in diameter. Tiny crystals 
of zircon, augite, and apatite are sometimes included in the quartz and 
feldspar. Minute anhedral grains of hematite and magnetite are scat- 
tered sparsely through the matrix. Small subhedral crystals of brookite 
are rare. 

All quartz crystals are resorbed, but many retain a part of the crystal 
outline; others are fractured. Feldspar crystals may show perfect form 
but usually are broken. The sanidine has an optic angle (2V) between 
0° and 15° with Z normal to (010) and the following refractive indices: 
a = 1519 + .002, B = 1.523 + .002, y = 1.525 + .002. Resorption 
is common in sanidine. Oligoclase (Ab;;) is less common, occurs in 
smaller crystals, and is more rarely resorbed. Biotite, though present 
in every thin section studied, is abundant in none. Most biotite flakes 
show a separation of fine magnetite along the cleavage and a pleochroism 
from reddish brown to yellow; the maximum index of refraction is 1.64 
and the optic angle (2V) is less than 15°. In some slides the mineral 
seems to have suffered a transformation, for its maximum refractive 
index is 1.70, its optic angle (2V) is between 20° and 40°, and it has 
a pleochroism from deep brownish red to orange or yellowish brown. 


ACCIDENTAL CONSTITUENTS 


Rock fragments——Chips and fragments of nearly all the older rocks 
of the region may be found in the tuff in one place or another, but 
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nowhere are they abundant. Most of these fragments are composed 
of the rocks which are most widespread in the area. These are acid 
plutonic and hypabyssal rocks, mica schist, calc-silicate hornfels, and 
olivine basalt. 


Minerals.—Discrete crystals of hornblende, biotite, augite, olivine, 
orthoclase, perthite, microcline, and presumably some quartz and plagi- 
oclase have been broken from accidental rock fragments and included 
in the tuff. 

Hornblende is the most important of these minerals. Occurring as 
discrete crystals or imbedded in some accidental rock fragment, it is 
sparse in every thin section examined and is usually the normal green 
hornblende. However, basaltic hornblende, having the following optical 
properties, occurs in two granitic fragments included in the upper part 
of the tuff about 3 miles northeast of Casa Diablo Mountain: Z’ A ¢ 
on (110) = 0°-3°, X’—brownish green, Z’—deep reddish brown, deep 
greenish brown, or opaque, and a = 1.702 + .002. In these two granitic 
fragments, reddish biotite is associated with the basaltic hornblende, 
both minerals being distinct from the green hornblende and green biotite 
which occurs commonly in the granitic rocks of the region. A search 
was made for basaltic hornblende in other granitic fragments included in 
the tuff, but none was found in the collection of accidental fragments 
made by the writer. 


VERTICAL VARIATIONS IN TEXTURE AND STRUCTURE 
GENERAL STATEMENT 


Although the content and character of the rock and mineral com- 
ponents in the Bishop tuff are essentially constant, there are important 
textural and structural changes between the top and bottom of the 
formation in any thick section. These have been briefly mentioned, 
but since they constitute one of the most diagnostic features of the tuff 
detailed descriptions of the variations in several representative sections 
are presented. The following sections will be described: 


Section 1.—Located in Rock Creek Gorge close to the contact of the 
Bishop tuff with pre-Tertiary rocks. 

Section 2.—Located in Owens River Gorge about a mile below the 
exposure of pre-Tertiary rocks in the gorge. 

Section 3.—Located in Rock Creek Gorge about half a mile below 
Section 1. 

Section 4.—Located in Wet Canyon northwest of Glass Mountain. 

Section 5.—Located in Owens River Gorge about 3 miles below Long 


Valley. 
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SECTION 1 


A specimen from the top of the tuff in this locality is typical of the 
uppermost part of the deposit. The finest constituents are dust-like, 
and, although these finest particles cannot be resolved under the micro- 
scope, they are almost certainly composed of glass. Shards of clear 
and colorless glass, commonly free from microlites and ranging from 
minute particles to fragments a millimeter in length, are scattered 
throughout the dust-like matrix. Still larger vitric fragments are 
pumiceous, many having tube-like vesicles which reach .1 millimeter 
in diameter. In the vesicles of some of these bits of pumice, minute 
grains of magnetite, and some of hematite, are concentrated. 

Vitroclastic structure, or Bogenstruktur, in which the shards are usually 
crescentic with rudely triangular outlines and concave edges, is char- 
acteristic. (Pl. 3, fig. 1.) The constituent particles are distributed at 
random, and although the larger lapilli and bombs cannot be seen 
within the limits of one thin section each slide illustrates the poor sorting 
which is typical of the tuff. 

Crystals of sanidine show faint rims of clear feldspar which has a 
refractive index slightly higher than that of the core and yet lower 
than that of canada balsam. This rim is rarely over .02 millimeter thick, 
but it can be easily distinguished because its optical orientation is not 
quite parallel to that of the central portion of the crystal. The rims 
form the crystal outlines of the sanidine and interfinger irregularly 
with its core. Furthermore, there are trains of minute inclusions extend- 
ing for about .1 millimeter into each sanidine crystal which possesses 
such a rim, and these trains appear to follow one chief direction con- 
sistently in any one crystal. Although these tiny inclusions cannot be 
determined, they appear to be hematite and colorless particles with a 
refractive index below that of sanidine, possibly glass, tridymite, or opal. 

Such rims encase the sanidine only in the upper third or half of the 
tuff. That they formed on the sanidine after the eruption of the tuff 
is evident from the fact that they occur on the fractured as well as 
the unfractured edges of the crystals. 

The tuff 50 feet below its top is similar to that from the top of the 
section except that pumice lapilli are slightly collapsed and each shard 
and fragment of pumice has a thin, faintly birefringent rim. Because 
of the collapse, the tubular vesicles in the pumice are not so completely 
open, and there is a tendency for the major dimensions of each frag- 
ment to lie in the horizontal plane. The birefringent rims are scarcely 
01 to .02 millimeter in thickness but are obviously fibrous, the fibers 
growing inward normal to the edges of the shards. A faint crack sepa- 
rates the glassy core of each fragment from the marginal, fibrous rim 
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and may be due to contraction during the change from the glassy to the 
crystalline state. 

Specimens 100 feet below the top of the tuff contain completely crys- 
talline fragments scattered at random through a weakly birefringent 
matrix of very fine constituents. The crystalline fragments can be 
recognized as original glass shards and pumice lapilli because their 
shapes and mutual relations are similar to those in the overlying tuff, 
except that they are slightly more flattened and more definitely alined 
in the horizontal plane. Furthermore, a continuous gradation can be 
seen in the field from the top down. The products of crystallization are 
fibers of potash feldspar and tridymite. The fibers grow normal to the 
edges of the fragments, and a cavity which was presumably caused by 
contraction during crystallization occupies the central part of most of the 
shards. The term “pectinate” was used by Marshall (1935, p. 345, 
358) to describe a similar structure within crystallized shards in the 
rhyolite tuff which is widespread on the North Island of New Zealand; 
it is a structure which approximates the axiolitic. 

The most highly birefringent fibers in the crystalline fragments are 
about .2 millimeter long and composed of potash feldspar with positive 
elongation and a refractive index close to 1.522. Between these fibers 
and concentrated in tiny blebs at their ends are minute crystals of 
tridymite. Although proof cannot be made, it is probable that the potash 
feldspar is sanidine, elongated parallel to the ‘ce’ axis and having the 
optic plane parallel to (010), since only with such an orientation could 
the fibers be always positive. 

Rims of clear feldspar occur on the sanidine crystals scattered through 
the tuff but are not so well developed as in the higher levels of the 
deposit. 

Specimens collected from the lower parts of the tuff contain the 
same essential constituents as the upper horizons. From the crystalline 
specimen last described, there is a rapid gradation downward into tuff 
which is mainly glassy at about 175 feet below the top; below that 
the tuff is entirely glassy except for very small areas, in each thin 
section, where the dust-like matrix and the smallest shards are feebly 
birefringent. 

The texture and structure of the tuff in its lower levels are strikingly 
different from that of the upper horizons. The pumice fragments are 
collapsed and alined in the horizontal plane, and the smaller shards are 
so flattened and molded to each other that they form a linear element 
similarly oriented. The compaction and alinement of the tuff particles 
reach a maximum at the base of the exposed section (PI. 3, fig. 3) 
where the pumice fragments are completely collapsed into long, thin 
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lenses in which the original pumice vesicles are reduced to fine, curving, 
dusty lines which run mainly along the length of the lenses. 

Other signs of vertical compression are most impressive. Not only 
are the vitric constituents closely molded against each other and against 
the more rigid crystals, but where they have been caught between two 
crystals the glass fragments are tightly squeezed in the strait between 
while they fan out beyond (PI. 3, fig. 4). Some shards have even been 
squeezed into embayments in resorbed quartz crystals. Clearly, there 
has been intense distortion of the fragments since the deposition of the 
tuff, but signs of fracture are essentially lacking. 

The presence of several sanidine crystals bordered by narrow rims 
of clear feldspar like those already mentioned is an unusual feature 
of the lower part of the tuff in this locality. In the basal parts of other 
sections, none of the sanidine crystals shows this rim. Also at the base 
of the tuff here, rims like those on the sanidine mantle orthoclase and 
microperthite crystals imbedded in a granitic fragment included in the 
tuff; the rims occur on these parts of the orthoclase and microperthite 
which are in contact with the tuff matrix but not within the granitic 
fragment. 

In order to clarify the gradation in structure from top to bottom of 
the tuff, the porosities of specimens collected at various levels in Section 
1 were determined. To give truly comparative figures, only those speci- 
mens which are glassy could be used, and consequently the horizon 
between about 75 and 150 feet below the top is not represented. 

The determinations were made on duplicate series of small specimens. 
Each sample was immersed in water and its weight determined after 
1, 2, and 4 weeks of soaking. Since there was no marked increase in 
the weight of each sample between the second and fourth weeks, it was 
assumed that the specimens were saturated. The volume of each satu- 
rated specimen was determined by measuring the volume of water it 
displaced. All were then thoroughly dried and reweighed. 

The specific gravity of each sample was also determined, using the 
dry weight and volume of each. Assuming that the composition of the 
tuff is constant throughout, the specific gravity should vary with the 
porosity, proportionally, and the results show that it does vary with 
the porosity though not in exact proportion. This discrepancy is explained 
by the variations in the composition of small samples which are not large 
enough to represent the average compositicn of the tuff. 

The following results are undoubtedly in error by some small amount 
and they are certainly not accurate to more than the first decimal place. 
These inaccuracies are inherent in the method employed in making the 
determinations, but the results surely show the order of magnitude of 
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Figure 1. Virrocrastic STRUCTURE Ficure 2. Virrociastic STRUCTURE 
In tuff at top of Section 1. Slightly flattened at base of one tuff member in 
Q—quartz; S—sanidine. x 13. Section 5. x 13. 


Ficure 3. Compact StrucTURE Figure 4. Same as Ficure 3 
In tuff at base of Section 1. x 13. Showing shards squeezed between two resorbed 
quartz crystals. x 30. 


Ficure 5. CrystaLiizep TuFF Ficure 6. PArtLty CRYSTALLINE, 
At top of Section 2. Vitroclastic structure partly COLLAPSED PuMICE 
obscured. x 13. In crystallized tuff near base of Section 3. x 13. 
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lenses in which the original pumice vesicles are reduced to fine, curving, 
dusty lines which run mainly along the length of the lenses. 

Other signs of vertical compression are most impressive. Not only 
are the vitric constituents closely molded against each other and against 
the more rigid crystals, but where they have been caught between two 
crystals the glass fragments are tightly squeezed in the strait between 
while they fan out beyond (Pl. 3, fig. 4). Some shards have even been 
squeezed into embayments in resorbed quartz crystals. Clearly, there 
has been intense distortion of the fragments since the deposition of the 
tuff, but signs of fracture are essentially lacking. 

The presence of several sanidine crystals bordered by narrow rims 
of clear feldspar like those already mentioned is an unusual feature 
of the lower part of the tuff in this locality. In the basal parts of other 
sections, none of the sanidine crystals shows this rim. Also at the base 
of the tuff here, rims like those on the sanidine mantle orthoclase and 
microperthite crystals imbedded in a granitic fragment included in the 
tuff; the rims occur on these parts of the orthoclase and microperthite 
which are in contact with the tuff matrix but not within the granitic 
fragment. 

In order to clarify the gradation in structure from top to bottom of 
the tuff, the porosities of specimens collected at various levels in Section 
1 were determined. To give truly comparative figures, only those speci- 
mens which are glassy could be used, and consequently the horizon 
between about 75 and 150 feet below the top is not represented. 

The determinations were made on duplicate series of small specimens. 
Each sample was immersed in water and its weight determined after 
1, 2, and 4 weeks of soaking. Since there was no marked increase in 
the weight of each sample between the second and fourth weeks, it was 
assumed that the specimens were saturated. The volume of each satu- 
rated specimen was determined by measuring the volume of water it 
displaced. All were then thoroughly dried and reweighed. 

The specific gravity of each sample was also determined, using the 
dry weight and volume of each. Assuming that the composition of the 
tuff is constant throughout, the specific gravity should vary with the 
porosity, proportionally, and the results show that it does vary with 
the porosity though not in exact proportion. This discrepancy is explained 
by the variations in the composition of small samples which are not large 
enough to represent the average composition of the tuff. 

The following results are undoubtedly in error by some small amount 
and they are certainly not accurate to more than the first decimal place. 
These inaccuracies are inherent in the method employed in making the 
determinations, but the results surely show the order of magnitude of 
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Ficure 1. Virrocrastic STRUCTURE Ficure 2. Virroceastic STRUCTURE 
In tuff at top of Section 1. Slightly flattened at base of one tuff member in 
Q—dquartz; S—sanidine. x 13. Section 5. x 13. 


Ficure 3. Compact Structure Ficure 4. As Ficure 3 
In tuff at base of Section 1. x 13. Showing shards squeezed between two resorbed 
quartz crystals. x 30. 


Ficure 5. TurF Ficure 6. Partty CRYSTALLINE, 
At top of Section 2. Vitroclastic structure partly CoLLaPpsep PuMICE 
obscured. x 13. In crystallized tuff near base of Section 3. x 13. 


PHOTOMICROGRAPHS 


‘ea 
‘ 


‘ 
| 
| 
. 


VERTICAL VARIATIONS IN TEXTURE AND STRUCTURE 1843 


porosity in each specimen. It is readily apparent that there is a marked 
gradational variation in porosity between the top and the bottom of the 
tuff in Section 1. 


Series I Series IT 
Vertical distance 
from top of tuff 
Porosity Sp. gr. Porosity Sp. gr. 
(Feet) (Percent) (Percent) 
0 37 1.35 40 1 eee 
175 +25 17 1.9 17.5 1.8 
250 +25 7.9 2.2 6.6 2.1 
300 +25 4.6 2.26 4.9 2.26 
400 +25 3.6 2.35 3.8 2.82 


SECTION 2 


In this locality, samples of the tuff were collected every 50 feet 
vertically from top to bottom of the exposed section. The tuff is holo- 
crystalline throughout, but the structural gradation is clear due to the 
fact that each component fragment crystallized as a separate unit and 
its boundaries remain visible. In order to simplify the description of 
thin sections made from the specimens, some of them are described 
together. 

At the top the tuff is very porous. Vitroclastic structure (Bogen- 
struktur) is clear though partly obscured by crystallization of the frag- 
ments (PI. 3, fig. 5). The small angular shards are rimmed by a fringe 
of fibrous sanidine and tridymite, the fibers being less than .1 millimeter 
long and growing inward normal to the edges of the shards. The center 
of each small shard is a cavity, while in the larger shards and pumice 
lapilli the fibrous fringe encloses a porous mass of tiny irregular spheru- 
lites composed of radiating sanidine fibers and small blebs of tridymite. 
The original pumice structure is obliterated by the crystallization, and 
one must rely on the form of the fragment as seen in the hand specimen 
to recognize each as originally pumice. 

Between 100 and 200 feet below the top of the tuff, the same general 
features exist, but the fragments are somewhat distorted, collapsed, and 
alined in the horizontal plane. The fibrous rims around each are wider 
and the central aggregate of small spherulites in the larger fragments 
is not so porous. 

The fine matrix of the tuff which is composed of almost submicro- 
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scopic dust cannot be resolved, but polarization tints can be faintly 
seen in it. The crystals are so tiny that they seem almost isotropic in 
contrast with the more highly birefringent parts of the tuff. Undoubtedly, 
this fine matrix was originally glass, as in the matrix of the tuff in Rock 
Creek Gorge. 

Tiny rims around the sanidine crystals are visible. They are most 
prominently developed near the top of the section but occur throughout 
the upper 300 feet. Some of these rims do not encase the sanidine com- 
pletely, and, though the contact between the rim and the core of the 
sanidine is usually irregular, it is occasionally smooth. The outer margin 
of the rims, also, is usually irregular and seems to fade out into the 
tuff matrix. The refractive index of the rims slightly exceeds that of 
the sanidine core but is lower than that of canada balsam. Trains of 
tiny inclusions run as much as .1 millimeter from the edges into the 
crystals, and the rims seem to have formed as readily on fractured edges 
as on crystal faces of the sanidine. Also notable is the fact that several 
oligoclase crystals are partly encased by rims of a clear feldspar of 
considerably lower refractive index than the oligoclase core. 

Though there is doubt concerning the origin of these rims, the fact 
that they occur only in the upper part of the tuff suggests that some 
attack by rising gases has affected the feldspars after the emplacement 
of the deposit. Very likely the rims are composed of soda-rich sanidine. 
Fenner (1936, p. 241-247) shows that soda-rich orthoclase has a notice- 
ably higher refractive index than nearly pure potash orthoclase and a 
slightly different optical orientation. The sanidine crystals scattered 
through the Bishop tuff have the low index of nearly pure potash ortho- 
clase, while the rims eneasing them have a higher refractive index, yet 
one which is distinctly below that of oligoclase (Ab;;). 

The shards and pumice lapilli in the tuff, 250 feet below its top, have 
been more strongly compressed but are not completely flattened. The 
rock is holocrystalline and a “pectinate” structure (Marshall, 1935, p. 
345, 358) is developed in each flattened fragment. Fibers of potash feld- 
spar and crystals of tridymite grow inward from all points along the 
margins of each fragment and stand normal to those margins, while an 
elongated narrow cavity lined by tridymite granules occupies the center 
of each fragment. All the feldspar fibers have a positive elongation and 
are presumably sanidine. 

In a few of the larger lapilli of collapsed pumice, as much as a milli- 
meter wide, sanidine fibers growing inward from each edge do not reach 
the center. Instead, a second row of inward-growing fibers begins along 
one of the collapsed pumice tubes visible within the fragment and con- 
tinues toward the center. It is notable that in these fragments of col- 
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lapsed pumice the lines representing the closed and welded vesicles of the 
pumice are not obliterated by crystallization. 

The structure is more compact 300 to 350 feet below the top of the tuff. 
The very fine matrix, tightly squeezed between the larger fragments, 
shows a faint and patchy birefringence, while the coarser products of 
crystallization in the larger fragments are sanidine and tridymite. Except 
in a few small areas of each thin section, each fragment has crystallized 
as a separate unit. 

In place of the central cavity, present in the shards and lapilli at higher 
levels, there is commonly a xenomorphie aggregate of sanidine and tri- 
dymite in the centers of fragments at this horizon. Toward the margins 
of the larger collapsed pumice fragments, the fibers are very fine and have 
a brown color in plain light; toward the center they become gradually 
coarser and colorless, giving way in turn to a fine granular aggregate of 
sanidine and tridymite which is colorless in plain light and has a “pepper 
and salt” polarization. This granular aggregate becomes still coarser in 
the central portions of the largest fragments, where the crystals may 
attain a diameter of .1 millimeter. Collapsed tubes of pumice, represented 
by fine, curving lines, are clear in the finely fibrous margins, less clear 
in the coarsely fibrous portion, and obliterated in the granular center. 

Where the central aggregate is unusually coarse, the minerals may be 
determined more easily. Cracked masses of very low refractive index and 
feeble birefringence which have occasional wedge-shaped twins are tri- 
dymite. To judge from the small optic angle (2V) observed on several 
of the grains, the feldspar appears to be sanidine. With these two min- 
erals, there are rare grains of clear quartz. 

Within some of the large pumice fragments, the fibers form perfect 
spherulites. Where these fibers have been sliced across their length, they 
show a “pepper and salt” polarization and under plain light they simulate 
a rude vermicular texture between sanidine and tridymite. Most of the 
individual fibers are considerably less than .01 millimeter in diameter. 

Sanidine fibers in one large fragment of collapsed pumice grow inward 
normal to only one edge of the fragment and grade toward the center into 
a fine aggregate in which tridymite is concentrated. A second row of 
fibers beyond the first begins along one of the collapsed pumice tubes and 
continues to the other edge of the fragment. Branching abundantly, the 
fibers in a single fibrous growth may reach a millimeter in length. Col- 
lapsed pumice tubes are clearly visible in the fibrous parts of the fragment 
which at one point has been bent at right angles around a crystal frag- 
ment of sanidine in the tuff matrix. The rows of fibers in the fragment, 
growing normal to its edges at all points, and the collapsed tubes of pumice 
follow around this bend. Both rows of fibers thus curve at right angles 
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with no trace of fracture. They clearly crystallized after the distortion of 
the fragment. 

Between 400 and 450 feet below the top of the tuff the structure is still 
more compact. The fibrous crystals developed within the large frag- 
ments of collapsed pumice form a series of hemi-spherulites which radiate 
inward from a number of points spaced along the margins of each, and 
the lines representing the collapsed vesicles of the pumice are visible 
within these fibrous growths. Frequently, complete spherulites develop 
around some center within a fragment, and in the central zone of each 
fragment tridymite is commonly concentrated in a granular aggregate 
with sanidine. 

In the small shards, crystallization seemingly spread from but one 
or two marginal centers, changing each shard into a plume of branching 
fibers. A few shards are composed of a sort of granular aggregate of 
sanidine and tridymite in which the sanidines are lath shaped and give 
a crude linear element to the whole. Here and there the fibrous crystals 
have transgressed the shard boundaries within small areas of the thin 
section, and it is noticeable that this development, in which the fibers 
cross the boundaries between shards, usually starts at the edge of a 
sanidine crystal in the tuff. 

In a sample from 450 feet below the top of the tuff, there is a vein of 
tridymite about .1 to .2 millimeter wide. A few crystals in the vein 
show wedge-shaped twins as much as .1 millimeter long. The vein ob- 
viously follows a fracture, for it bends sharply, frequently divides single 
fragments, and the two sides of the vein match perfectly. Since it is clear 
that the fragments composing the tuff were greatly distorted without frac- 
ture before they crystallized, it is logical to assume that the fracture 
occupied by this tridymite vein formed after the tuff became crystalline 
and rigid. The important fact is that the fracture is infilled only with 
tridymite. Examples have already been cited in which tridymite is con- 
centrated in the central parts of the crystalline fragments, and from this 
one may suppose that the tridymite completed its crystallization after the 
sanidine. The vein, then, may have formed near the end of the period 
of crystallization when the only important component remaining uncrys- 
tallized was a part of the silica; or the tridymite may have been deposited 
in the fracture still later by ascending vapors. An important conclusion 
is obvious, namely, that some silica has migrated through the tuff, for a 
short distance at least. 

In its lowest exposed horizon, 500 and 550 feet below the top, the tuff 
is devoid of visible cavities, and the structure is very compact. The 
fibers developed within each fragment grow from some single point along 
its margin, and by branching they fill the entire fragment as a sort of 
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plume. They may grow transverse to or parallel to the length of the 
fragment. What determines the point from which the fibrous crystalliza- 
tion began is unknown. Numerous complete spherulites have developed, 
and while some embrace several shards the others grow entirely within 
one of the larger fragments. In the latter type, the spherulites fre- 
quently, but not always, begin their growth along one of the collapsed 
pumice tubes. It is very plain, however, that fibrous crystals cross these 
collapsed vesicles, disregarding them completely without obliterating 
them. 
SECTION 3 

The uppermost 75 feet of the tuff is glassy and very porous, and vitro- 
clastic structure is characteristic. Thin fringes of fibrous crystals rim 
the shards in the lower part of this horizon. In general, it is similar to 
the upper part of the tuff in Section 1, half a mile upstream. 

Several thin sections made from specimens collected between 100 and 
300 feet below the top of the section may be described together. Be- 
tween these limits, the tuff is crystalline, fairly porous at the top, and very 
compact at the bottom. This crystalline type grades upward into the 
glassy tuff at the surface. 

A sample collected between 275 and 300 feet from the top has a very 
compact structure and holocrystalline texture. Each fragment is clearly 
outlined, for each crystallized as a unit except in several smaii areas. 
Despite the crystallization, the collapsed vesicles of the original pumice 
can be seen traversing the larger fragments as curving lines. They are 
obscured only in the central parts of some fragments where granular 
aggregates of tridymite and sanidine have formed. By the outlines of the 
shards, one can see that all the fragments have been intensely distorted 
and flattened. 

Growing inward, the feldspar fibers radiate from several points along 
the margins of some fragments forming a series of hemi-spherulites, while 
in other fragments they grow from one marginal center and by branching 
occupy the entire fragment as a fibrous plume. It is clear that the fibrous 
crystals are controlled by the distorted margins of the shards; nor are 
they fractured. Crystallization must, therefore, have occurred after the 
flattening of the fragments. 

There is a gradation from the tuff collected 325 to 350 feet below the 
top to that last described. The sole difference between the two is that 
the largest lenses of collapsed pumice in this lower level are not crystal- 
line. Many of the large lenses are partially crystalline, containing hemi- 
spherulites of sanidine and tridymite, up to 0.5 millimeter in radius, that 
radiate from a few points along their margins. 
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In one large lens of collapsed pumice (PI. 3, fig. 6), the fibrous growth 
started near an end and grew for at least 2 millimeters down the length 
of the fragment as a plume of branching fibers. The most remarkable 
feature is the abrupt transition from crystalline to glassy parts of the 
lens; the fibers and glass adjoin along a sharp line with only a tiny crack 
between the two. Furthermore, the dusty lines which represent the col- 
lapsed vesicles of the pumice continue directly from the glassy into the 
crystalline portion. This justifies the assumption that the dark, curving 
lines which can be seen traversing most of the crystalline lenses truly 
represent the collapsed pores of original pumice fragments. It proves, 
further, that the crystallization followed the collapse of the pumice, since 
otherwise these collapsed vesicles could not be preserved in the crystalline 
fragments. 

A sample collected 400 feet below the top of the tuff is entirely glassy, 
very compact, and composed of distorted and firmly welded shards of 
clear glass and larger fragments of collapsed pumice. Thus there is a 
transition downward, within the basal 100 feet of the section, from com- 
pletely crystalline tuff, through a type in which only the largest fragments 
are glassy, to a completely glassy type at the base. How far below the 
base of the section is the actual bottom of the tuff is unknown, but it seems 
safe to assume that the development of the glassy condition gradationally 
downward from the crystalline condition is an indication that the base 
of the formation is being approached. 

It is significant.that the first appearance of the glass in this transition 
is in the largest fragments, while the finest constituents tend to remain 
crystalline nearest the base of the tuff. One may assume from this that 
the crystallization, which took place after emplacement, was most easily 
induced in the smallest fragments and with greatest difficulty in the 
largest ones. 

In explanation of this relative ease of crystallization in the large and 
small fragments, one can eliminate the effect of possible differences of 
composition of the fragments, since all evidence indicates that they have 
the same composition. Structure of the glass may play some part. Being 
composed of collapsed pumice, the larger fragments are essentially 
bundles of welded glass threads, while the smaller fragments are struc- 
tureless. But this would seem to make the larger ones the more suscep- 
tible to crystallization, instead of the reverse which is the fact. Size 
remains as a possible factor. Since crystallization begins always at the 
margins of the fragments, it may be supposed that some agent acting 
externally on each fragment promoted the crystallization and that, there- 
fore, the largest fragments might be less apt to crystallize completely. 
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SECTION 4 


The tuff is holocrystalline at its surface in this locality. However, 
about 350 feet below the surface the largest lenses of collapsed pumice 
become glassy although the smaller fragments remain lithoidal. The 
base of the formation is not exposed, but the beginning of the grada- 
tion downward from the lithoidal to the glassy type at the base is 
apparent. 

The details of composition, texture, and structure of the tuff in this 
locality essentially duplicate those already described for other sections. 


SECTION 5 


In this section, the Bishop tuff is composed of several members. 
Some are less than 100 feet thick while others reach nearly 200 feet 
in thickness. All of them are glassy, and only the thickest show any 
sign of a more compact structure at the base than at the top. In those 
few, the pumice fragments near the base of the member are partly 
collapsed and alined in the horizontal plane (PI. 3, fig. 2), but their 
pumiceous character remains clear. 

It is further notable that the thinner members, up to 100 feet thick, 
are lighter in color and very poorly consolidated. In fact, the thinnest 
ones are essentially unconsolidated, whereas the thickest are firmly 
welded. The very fact that there are in one section of the tuff thin 
members which are not consolidated and thicker ones which are demon- 
strates that welding and not cementation produces the consolidation. 


SUMMARY OF VARIATIONS IN TEXTURE AND STRUCTURE 


Compaction of tuff—At the top, the tuff is porous. Angular shards 
and pumice lapilli are scattered through it at random and are lightly 
welded. At the base, the fragments are flattened, molded to each other, 
and tightly welded; lapilli of pumice are so collapsed that the tubular 
vesicles are closed and traverse the flattened fragments as curving dusty 
lines. Fragments squeezed against or between crystals are strikingly 
distorted. 

These changes occur in sections of the tuff which are 300 or more 
feet thick; where the tuff is thinner, the fragments at the base are not 
so compressed nor so tightly welded, and where it is less than 100 feet 
thick, it is not welded, and there is no visible change from top to 
bottom. The cause of this vertical change must be a vertical com- 
pression by the weight of the deposit after its emplacement, since the 
degree of distortion and welding varies, in almost direct proportion, 
with the thickness of the overlying tuff, and the flattened fragments are 
always alined in the horizontal plane. 
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Crystallization of vitric fragments——The originally glassy fragments 
composing the tuff have crystallized in some places, and the following 
are the important features of this crystallization, all of which either 
point to or are consistent with the writer’s thesis that crystallization 
occurred in a hot fragmental mass through which hot gases rose: 

(1) Each fragment, whether large or small, crystallized as a separate 
unit, with a few exceptions near the base of the deposit where the 
shards are very firmly welded. 

(2) The products of crystallization are potash feldspar, probably 
sanidine, and tridymite. 

(3) The feldspar crystals formed are fibrous, but granular aggregates 
occur in the centers of some fragments. The fibers extend inward 
normal to the edges of the fragments, except in the basal parts of the 
tuff, in thick sections, where the fibers may radiate inward from one or 
several points along the fragment margin. 

(4) Crystallization began at the margins of the fragments, some of 
which have a fibrous rim and glassy core. 

(5) Crystallization occurred after compression and welding of the 
fragments, which in turn followed the emplacement of the tuff. The 
following facts demonstrate this: (a) All fibers show similar relations 
to the fragment margins whether those margins are distorted or not; 
(b) a crystalline fragment could not be so distorted without being frac- 
tured, and they are not fractured; and (c) collapsed vesicles remain 
visible as lines in the lapilli of collapsed pumice which have crystal- 
lized, and these could not be preserved unless they were closed and 
welded before crystallization set in. 

(6) Crystallization occurred in thick sections of the tuff but not close 
to its lateral and basal margins. The formation may be crystalline at 
its very surface in localities away from its lateral margins. 

(7) The crystalline tuff grades downward into the glassy type near 
the base of the formation. In this change the first appearance of the 
glass is in the largest fragments, lapilli of collapsed pumice, and the 
last appearance of glass is in the finest constituents. This indicates that 
the larger fragments crystallized less readily. The probable explanation 
of this is to be found in the size of the fragments in which crystalliza- 
tion was induced by some agent acting externally upon their surfaces. 

(8) Silica has migrated through the tuff for at least short distances. 
Tridymite ‘is concentrated in the central parts of the crystalline frag- 
ments, in the parts which crystallized last, and at least one fracture 
which cuts the crystalline tuff is filled with tridymite. 


Rims on sanidine——Sanidine crystals scattered through the tuff are 
rimmed by a clear feldspar which is probably soda-rich sanidine. These 
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rims occur in only the upper part of the tuff. Very thin, they show 
up because the optical orientation of the feldspar composing them is 
not parallel to that of the core, and they usually have an irregular con- 
tact with the core. Associated with the rims, trains of tiny inclusions 
extend into the crystal. That the rims formed after the eruption of the 
tuff is evident since they formed as readily on fractured as on unfrac- 
tured edges of the sanidine. 

Faint rims, such as those on the sanidine, occur also on orthoclase and 
microperthite in an accidental granitic fragment included in the tuff at 
the base of Section 1. The rims occur only on those surfaces of the crys- 
tals which are in contact with the tuff matrix. 


Tron oxides—Grains of magnetite and hematite occur in the open 
vesicles of some pumice lapilli at the top of the formation, where they 
probably formed after the emplacement of the tuff as sublimations from 
rising gases. Grains of iron oxide are also scattered through the finest 
matrix of the tuff. 

ORIGIN OF BISHOP TUFF 


GENERAL STATEMENT 


That the Bishop tuff is pyroclastic cannot be doubted. Its basal 
portions might be open to some question were it not for the complete 
gradation from the obviously pyroclastic surface to the lowermost ex- 
posed parts. Also, the microscopic features show that the basal type is 
clastic, for the fragments are plainly visible although intensely flattened 
and bent. 

It seems equally apparent that the material was hot at the time of its 
emplacement. Vitric fragments have been distorted without fracture by 
the weight of overlying material and welded. They must have been vis- 
cous; certainly they were not rigid. Furthermore, they have crystallized 
after their emplacement. Lastly, the widespread columnar jointing sug- 
gests the contraction of the welded tuff by cooling from a fairly high 
temperature. 

Intensely hot pyroclastic material may be deposited by a hot mud flow 
or lahar, a dry avalanche, or a nuée ardente. The first of these is a 
phenomenon commonly observed on the slopes of Javanese volcanoes. 
But the lahars commonly contain a large amount of older, accidental 
material, while the Bishop tuff contains only sparse fragments of older 
rock and was not erupted from a volcanic cone. Dry avalanches, also, 
have been observed only on the slopes of volcanic cones, and they are 
small in any case. Perret has observed them at Vesuvius (1924, p. 
89-94) and at Pelée (1935, p. 63-64, 97), as has Kozu at Komagatake 
(1934, p. 140-144). Clearly, the Bishop tuff was not deposited by such 
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flows; it is a far more extensive deposit than dry avalanches could leave, 
nor is there a voleano present down which it could have rolled. 

The nuées ardentes (burning or glowing clouds) remain, then, as the 
agent which probably emplaced the Bishop tuff. The nuées are flows 
of intensely hot, discrete fragments of viscous magma, in which each 
fragment rapidly and continuously emits its gases. The fragments are 
thus enveloped and cushioned by extremely dense, hot gas, and the whole 
has the appearance of a dense, rapidly expanding “cloud”. Such a 
“cloud” rolls rapidly over even a gentle slope, driven on largely by 
gravity, its advance made possible by its extreme mobility due to lack of 
friction between gas enveloped particles. It is confined, or impeded, only 
by the large irregularities of the surface over which it moves, while it may 
completely surmount the smaller obstacles in its path. The nuées ardentes 
leave a deposit of hot pyroclastic material which may mantle the surface 
over an extensive area and which retains its heat and continues to emit 
hot gases for long periods of time. Only by some such agent can the em- 
placement and features of the Bishop tuff be explained. 


SIMILAR DEPOSITS IN OTHER REGIONS 


Alaska.—If one but briefly compares the Bishop tuff with the “sand- 
flow” in the Valley of Ten Thousand Smokes (Fenner, 1923, p. 1-74), 
a similarity in the origin of the two seems incontestable. The “sand- 
flow” is the deposit of “flows” of the nuée ardente type. It has masked 
all of the features of a former glacial valley with a thick deposit of 
welded rhyolite tuff which has an even surface sloping about 2 or 3 
degrees down the old valley. The tuff is unsorted, and blocks of pumice 
up to 2 feet in diameter are incorporated in it, though most of the larger 
fragments are only lapilli. Accidental fragments of sandstone and 
shale have been reddened. Streams have not cut to the base of the 
deposit, but Fenner (1923, p. 33) estimates that its thickness reaches 
at least 200 feet and that its volume is a little more than a cubic 
mile. The tuff has settled so that its present surface lies as much as 
100 feet below the “high sand mark” which is the level to which the 
“sand-flow” filled the valley at the time of eruption. Persistent fumaroles 
which rise through the tuff are alined as though they rose from fissures 
in the valley floor, and from these fissures it is supposed the “sand- 
flow” issued. 

In a still more recent article, Fenner (1937, p. 236) states that tri- 
dymite and orthoclase have crystallized from fragments, in some parts 
of the tuff, which were originally glass. Furthermore, both consolida- 
tion and crystallization of the “sand-flow” occurred after its emplacement. 

New Zealand.—Marshall (1935, p. 323-366) has described an “ignim- 
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brite” (deposit of “burning clouds”) which makes up most of the rhyolite 
plateau on the North Island of New Zealand. It is rhyolite tuff with 
petrographic features which are strikingly similar to those of the Bishop 
tuff. The author examined several thin sections of the “ignimbrite” and 
found them identical with some of those made from the Bishop tuff, and 
a textural and structural gradation which occurs from top to bottom of 
the “ignimbrite” is similar to that described in this paper. Sollas (1905) 
has published some excellent photomicrographs of the New Zealand tuff, 
though he was not aware of its true nature, and they also tend to demon- 
strate the similarity between that tuff and the one described in this paper. 

Erosion has cut to the base of the “ignimbrite,” and for several feet 
at the bottom of the formation the tuff is not welded and remains uncon- 
solidated. This seemingly is due to the rapid chilling of the lowermost 
several feet of the deposit, and the fact that the basal portion is uncon- 
solidated is sufficient to show that the remainder is welded and not 
cemented. 

The field characters of the Bishop tuff and the “ignimbrite” are the 
same. Marshall could discover no source from which the material com- 
posing the tuff might have issued. 

The pyroclastic nature of the “ignimbrite” has been debated by Grange 
(1934, p. 57-67; 1937, p. 57-63) who believes, for reasons not convincing 
to the writer, that the formation is a series of lava flows. 

Australia.—Richards and Bryan (1933, p. 50-62) describe the Bris- 
bane tuff in Australia which they believe to be the same type of deposit 
as the “ignimbrite” of Marshall in New Zealand. The Brisbane tuff is 
older and less well preserved, but its general features are similar to those 
of the tuff in New Zealand and of the Bishop tuff in California. 

United States—Welded rhyolite tuff in southeastern Idaho has been 
described by Mansfield and Ross (1935, p. 308-321). The microscopic 
characters of this formation have much in common with those described 
by Iddings (1899, p. 393-425) in the rhyolites of Yellowstone National 
Park and with those present in the Bishop tuff. However, the differ- 
ence in field character is fundamental, as between the Idaho and Bishop 
tuffs. The tuff in Idaho is thin by comparison and is “ducoed” (Mansfield 
and Ross, 1935, p. 309) over the surface, maintaining a nearly constant 
thickness over an area of considerable relief. 

West Indies—Some of the characters of nuées ardentes are known 
from studies which have been made at Mont Pelée on the island of 
Martinique and at Soufriére on St. Vincent. The 1902 eruption of the 
latter was described by Anderson and Flett (1908, p. 353-555), and 
Lacroix (1904) and others described the devastating eruption of Mont 
Pelée which occurred in that same year. A still more useful description 
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of the more recent eruption of Pelée has since been given by Perret 
(1935, p. 1-125). Most of the nuées ardentes at Mont Pelée were small 
and had a dacitic composition. Nevertheless, their characteristics were 
undoubtedly like those of the “flows” which produced the Bishop tuff 
and the “sand-flow”. A comparison with the Peléan clouds is invalu- 
able since they have been actually observed during eruption. 

Perret (1935, p. 84) describes the nuées ardentes as follows: 

“A highly heated mass of gas-charged lava is ejected from a vent or pocket, more or 
less in a certain azimuth, onto an outer slope where it continues its course as an 
avalanche, flowing swiftly, however slight the incline, by virtue of its extreme mo- 
bility. The mobility is due to an immediate subdivision of the lava into discrete 
particles and the envelopment of the particles in a highly compressed gaseous at- 
mosphere, due largely to continuous vapor emission by the particles themselves. 
There is thus developed during the descent of the avalanche a violently expanding 
cloud of gas and ash, .. .” 


Furthermore, Perret (1935, p. 89) concludes: 


“Thus we reach the conclusion that the more or less forcible expulsion of the lava 
from its pocket or dome is brought about by sudden vesicular expansion, caused 
primarily by increase of temperature, but favored by rise of the material to a zone 
of lessened pressure.” 


And: 


“An essential condition for the formation of a nuée ardente as previously stressed 
is gas-charged lava. High temperature of course is also necessary, but if a lava has 
lost its gas, no degree of heat will suffice for its self expulsion from a vent and no 
temperature will transform it into a nuée ardente, even when it is expelled by an 


extraneous force.’ 

Perret (1935, p. 94) believes that the temperature within the vent 
at Mont Pelée during the recent eruption was 1200° C. After emission 
of a cloud, expansion of the gases doubtless cooled it somewhat. 

The deposits left by the nuées ardentes at Mont Pelée were neither 
so extensive nor so thick as the Bishop tuff. The accumulated deposits 
of the many nuées in the upper part of the “avalanche valley” on 
Martinique were at least 100 meters thick (Perret, 1935, p. 81), but 
the deposit of any one cloud was only a few feet thick. Yet even 
these small deposits left by a single nuée retained their heat and con- 
tinued to emit gas for several months. 

Generally similar properties, we may suppose, belonged to the clouds 
which left the Bishop tuff, but to account for that deposit the magnitude 
of the phenomena must be greatly magnified and the absence of a 
central cone from which eruptions might take place must be admitted. 


VARIABLE FACTORS CONTROLLING TUFF FEATURES 
Temperature —The “pyroclastic flows” erupted from the several vents 


in the region may have differed slightly in their initial temperatures of 
eruption. The temperature of emplacement and welding must have been 
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lower than the temperature of eruption because expansion of the “cloud” 
had a cooling effect; whether exothermic gas reactions occurred and 
tended to offset this drop in temperature is doubtful. Thus the tempera- 
ture of emplacement may have varied in the different eruptions and in 
the deposit of any one eruption. It must have been lower in those parts 
of the deposit which were farthest from the vent. 

The magnitude of these initial temperatures can only be suggested. 
The observed features such as crystallization and columnar jointing which 
were produced after emplacement give only a general idea of the tem- 
peratures which existed at the time of deposition and consolidation, and 
one can only say that the temperature of eruption must have been higher 
than these. 

The features in the Bishop tuff indicate a high initial temperature. 
That the vitric fragments composing it have been distorted without frac- 
ture and welded is significant since this requires a high enough tempera- 
ture to maintain a viscous condition in the fragments. They were very 
viscous, however, since the welding, though fairly complete, is not perfect 
and the fragments have not lost their individuality. Furthermore, the 
most extreme welding occurs only where the weight of several hundred 
feet of overlying tuff supplied a considerable compressional force. This is 
but qualitative evidence, however, since we know neither the viscosity of 
the fragments at the time of emplacement nor the temperatures necessary 
to maintain various viscosities in the fragments before loss of their vola- 
tiles. The temperature at the time of emplacement was probably not so 
high as Marshall (1935, p. 344-345) supposed (1200° C.) on this doubt- 
ful basis. 

The crystallization of tridymite means little, since it forms at both low 
and high temperatures. Anderson (1935, p. 245) has found it in altered 
lavas, forming at a temperature of about 90° C. If the potash feldspar 
fibers which crystallized in the tuff are truly sanidine, their formation 
must be controlled by some factor other than temperature of inversion 
since orthoclase in the accidental fragments included in the tuff is not 
converted to sanidine. 

The presence of basaltic hornblende in two granitic fragments in the 
tuff is important. By heating green hornblende in either oxidizing or 
neutral environments, at a pressure of one atmosphere, Kozu and his 
colleagues (1927, p. 143-159, 177-193) found that a transformation to 
basaltic hornblende occurs over a narrow range of temperature close to 
750° C. Barnes (1930, p. 393-417) showed that the change is produced 
by oxidation of ferrous to ferric iron in the hornblende consequent on the 
loss of hydrogen from the mineral. The temperature of transformation, 
therefore, will vary with pressure since a gaseous phase is evolved. Thus, 
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these two granitic fragments in the tuff must: have been heated to at least 
750° C.; but since most of the hornblende in the tuff is the normal green 
variety, unchanged, the majority of the accidental fragments containing 
it cannot have been heated to as high a temperature. The heating of 
these bits of hornblende, of course, may have occurred in the vent, or they 
may have been picked up and incorporated in the tuff between eruption 
and emplacement. There is no sure way of deciding between the alterna- 
tives, but it is probable that some of the accidental fragments were picked 
up in the vent and some after the eruption. The only safe conclusion is 
that the temperature of emplacement could not have been very much 
higher than 750° C. for, if it had been, all the hornblende should have 
been converted to the basaltic variety. 

The reddening of biotite begins at temperatures between 400° and 
500° C. according to Kozu (1927, p. 143-159), and the change continues 
until a temperature of nearly 1000° C. is reached. Thus the somewhat 
reddened biotite in the Bishop tuff is not diagnostic of any specific tem- 
perature, but its presence does indicate that the temperatures were above 
500° C. 


Rate of cooling —This is a factor whose importance needs no introduc- 
tion; it affects both the amount and coarseness of the crystallization. 
After the emplacement of the tuff, the more rapid the cooling the less the 
possibility of complete crystallization and the greater the probability of 
fine-grained products where crystallization occurred. Though it must 
have been variable from place to place in the tuff, the rate of cooling 
could not have been variable within the limits on one hand specimen. It 
is affected by thickness of the formation, the proximity of the margins, 
and the amount of gas rising through the tuff. 

That the thickness of the deposit affects the rate of cooling is obvious 
from the fact that the thick members of the tuff are at least partly crystal- 
line, whereas thinner “flows” are glassy throughout. It is also apparent 
that the rate of cooling is most rapid along the margins of the tuff, for 
the lateral and basal parts are glassy in contrast to the central parts of 
thick “flows” which are always crystalline. But in this connection, one 
must recognize that hot gases rising through the tuff add a complicating 
factor; they probably varied the cooling rate and must have retarded it 
in the upper part of the tuff. 


Amount of gas present and its escape—That gases are present in 
abundance and that they rise through deposits of this sort long after em- 
placement is shown in descriptions of the “sand-flow” in the Valley of 
Ten Thousand Smokes and of the smaller nuées ardentes deposits at 
Mont Pelée. No fumarolic incrustations such as those found by Allen 
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and Zies (1923, p. 75-155; Zies, 1929, p. 1-61) in the “sand-flow” have 
been discovered in the Bishop tuff. But the presence of iron oxides in the 
vesicles of pumice fragments near the top of the Bishop tuff and the tridy- 
mite filling one late fracture suggest that gases have risen through it. 

The amount of gas in the fragments which is capable of emission, the 
total amount present in the fragments, and the amount in the interstices 
between the fragments are all variables. The content of interstitial gas 
will be partly controlled by the size and sorting of the fragments. Whether 
or not the gas escapes from the fragments and to what degree it escapes 
after emplacement of the tuff depends partly, at least, on the amount of 
gas remaining in the fragment, the temperature, the pressure outside the 
fragment, and the composition of the gas and the fragment. 

Still another important variable is the rapidity with which the gases 
escape through the tuff after its emplacement and the manner in which 
they migrate upward through it. This will depend on the quantity of gas 
present and its pressure and on the structure of the tuff—its porosity and 
permeability as determined by sorting, compaction, and welding, and the 
absence or presence of localized avenues to the surface. The effect of 
gases which escape slowly will certainly be different from the effect of 
those escaping quickly. Furthermore, if the gases should reach the sur- 
face as fumaroles in pipes or fissures, their effects will be intense along 
those pipes or fissures and will diminish away from them. A different 
effect would result if the gas migrated slowly upward through and around 
all constituents. 

That rising gases were important in the development of petrographic 
features in the Bishop tuff is the logical conclusion to be drawn from 
the following observations: 

(1) Fragments are crystalline at the surface of the tuff in many places, 
where, were it not for rising gas, one would expect very rapid cooling. 

(2) Rims occur on sanidine crystals in the upper part of the tuff. With 
few exceptions, no rims formed on the sanidine crystals in the lower part 
of the tuff even though similar components occur there and high tempera- 
tures would be expected to exist there longer. 

(3) The only crystalline horizon is well above the middle of the tuff 
near its margin in Rock Creek Gorge (Section 1), at a level where the rate 
of cooling should presumably be more rapid than lower down in the for- 
mation were it not for the complicating factor of rising gases. 

(4) Crystallization occurred after emplacement and compaction of 
the tuff. Thus, at the time of crystallization, the fragments were well 
below the temperature at which they were fluid. At such tempera- 
tures glass will crystallize readily under the influence of hot gases. 

(5) Within the limits of one thin section, there are variations in 
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crystallinity, and there is incomplete crystallization, which may be 
explained on the assumption that rising gases acted with variable inten- 
sity over small areas. No other agent seems competent to produce such 


variation. 


Thickness——This varies from place to place depending upon the 
topography of the underlying surface and the distance from the source. 
It partially influences the rate of cooling, the amount of gas present, 
and the amount of compaction which occurs and which affects the 
internal structure of the tuff. 

Volume of material—This is of obvious importance for it has an 
important effect upon all the variables listed above. Its effect is the 
more extreme when the total volume erupted at one time and place is 


large. 


Character of underlying surface—Large depressions confine the “flows’ 
and thus increase the thickness of the deposit. If the underlying sur- 
face is saturated with water, steam may be added to the tuff and sec- 
ondary explosions may occur. 


Manner of emplacement—Most important in this regard is the 
rapidity with which separate eruptions in the same locality follow 
each other. If an entire thick section of the tuff were the deposit of 
one eruption, its rate of cooling would be decreased, the structure of 
the tuff would be more compact, its gases would probably escape more 
slowly, and its thickness and the amount of gas present would, in 
effect, be increased. The result, then, would be to intensify the features 
of compaction, distortion, welding, and crystallization of the fragments, 
which are the distinctive features of the formation. If the tuff in a 
thick section were emplaced by several “flows” each of which followed 
the preceding one closely in time, the effect would be essentially the 
same as though it were the deposit of a single eruption provided only 
that the time interval between the “flows” was not sufficient to permit 
notable cooling of one deposit before the next was emplaced. But if 
a section of tuff was built up by many separate “flows” which were 
so widely spaced in time that the deposit of each cooled off before the 
next was erupted, the effect would be to diminish the compaction, weld- 
ing, and crystallization of fragments, and each member, or deposit of 
one “flow,” would show these features as characteristics of its own 
and not of the whole section of tuff. 

The alternatives listed are all present in the Bishop tuff. In upper 
Owens River Gorge and near Long Valley, the tuff is made up of 
members none of which is over 200 feet thick and several of which are 
less than 100 feet thick. None is crystalline, and compaction occurs 
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only at the bases of the thicker ones. In this locality, the tuff is made 
up of deposits left as the result of a number of eruptions widely spaced 
in time. In sections of the tuff, such as those in lower Owens River 
Gorge and Rock Creek Gorge, where complete textural and structural 
gradations occur from top to bottom, there is a faint division or two 
which appears in the field but not under the microscope. Such sec- 
tions may be the result of several “flows” erupted in rapid succession. 
In Wet Canyon, the section is apparently unbroken and the entire 
thickness of the tuff in that place may be the deposit of one eruption. 


SOURCE OF BISHOP TUFF 


The source of the tuff has not been certainly determined. Its distri- 
bution is enough to show that the material could not have been erupted 
from one centrally located vent and emplaced where it is now found. 
It lies north and northwest of Long Valley as well as east and south- 
east, and nuées ardentes erupted from one vent could not accomplish 
that distribution without surmounting several small Basin Ranges whose 
summits show no trace of the tuff. 

An alternative is that the tuff issued from a number of scattered vents. 
In support of this suggestion, accidental fragments in the tuff reflect the 
immediately underlying bedrock in several localities. Northeast of Casa 
Diablo Mountain, where the tuff overlies metamorphic rocks, all accidental 
fragments are composed of metamorphic rock. Accidental fragments of 
lithoidal rhyolite are included in the tuff only northwest of Glass Moun- 
tain where the tuff lies on rhyolite flows. Near the headwaters of Owens 
River, at Bald Mountain, the tuff contains fragments of a peculiar andesite 
which is found only on Bald Mountain in all of that region. In other 
regions, accidental fragments in the tuff are of many different types. This 
evidence, though incomplete, suggests that the vents from which the 
Bishop tuff was erupted were scattered throughout the region where the 
tuff now occurs and that from each vent was extruded material that con- 
tributed to the tuff in that locality. But this supposition is based on the 
assumption that the accidental fragments were incorporated in the tuff 
at the vent from which it issued, while it is possible that many of them 
were picked up during the progress of the nuées ardentes after eruption 
and are therefore not indicative of the location of the vent. 

Supposing that the vents, through which the material composing the 
tuff issued, were scattered, the writer is tempted to believe that they lay 
along some of the many faults still active at the time the tuff was em- 
placed. This control of voleanic vents by fault zones is apparent in this 
area where recent cones of basalt, andesite, and rhyolite are found lying 
along the fault zone at the base of the Sierra Nevada scarp. 
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Most remarkable, if the vents were scattered, is the fact that the forma- 
tion is so similar throughout this region. It means that from each vent 
similar material was erupted in a similar manner at essentially the same 
time. For this reason, the writer prefers to believe that the locus of vents 
lay in the vicinity of Long Valley since that valley has been a center of 
major volcanic eruptions since Pliocene time. But there must have been 
random vents to account for the tuff near Mono Lake, Adobe Valley, and 
Blind Spring Hill. 

It may be that the most recent faulting in Long Valley is the result 
of the extrusion of so much magma from beneath that area, for it does 
not seem at all impossible that the location of the depression known as 
Long Valley is controlled by the presence there of a major voleanie center. 


AGE OF BISHOP TUFF 


The Basin Range fault movements were essentially completed when the 
Bishop tuff was emplaced. This is shown by the three buried fault scarps 
in Owens River Gorge and by the fact that the tuff abuts against the 
major fault scarps of the region with no notable change in the slope of 
its surface and with no uplifted remnants. That some faulting has affected 
the tuff is equally clear from the small scarps which are numerous in the 
tuff north of Bishop and west of Adobe Valley. 

The age of the Bishop tuff is fixed by its relation to the Pleistocene 
moraines left by glaciers which originated in the Sierra Nevada. In Owens 
River Gorge, the tuff lies on the Sherwin till, and in the tunnel now being 
driven under the Mono Craters, the tuff lies on the Sherwin till (Putnam, 
1938, p. 82), while to the west of the Craters it is overlain by the Tahoe till. 


SUMMARY OF CONCLUSIONS 


The writer concludes that the Bishop tuff was erupted from a number 
of vents within the region where the tuff is now exposed and that the erup- 
tions from the several vents were essentially contemporaneous. They were 
of the nuée ardente type, and the tuff is comparable in detail to the “sand- 
flow” of Fenner in the Valley of Ten Thousand Smokes, Alaska, and to 
the “ignimbrite” of Marshall in New Zealand. The characteristic features 
of the Bishop tuff were imposed by its mode of eruption, its great volume, 
its high temperature and slow cooling, and the gases which rose through 
it for a considerable time after its emplacement. 
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LATE PLEISTOCENE DEPOSITS NEAR ALPINE, TEXAS 


BY CLAUDE C. ALBRITTON, JR., AND KIRK BRYAN 


Quaternary alluvium in valley-flats of the Davis Mountains and adjoining low- 
lands in Trans-Pecos Texas contains remains of extinct horse and mammoth species 
as well as artifacts and other cultural material. On the basis of disconformities 
within the valley-fill complex, the Quaternary has been divided into three forma- 
tions: Neville, Calamity, and Kokernot, in order from oldest to youngest. 

Although the formations are alike in that they consist of silty clay, silt, sand, and 
gravel derived from local bedrock, differences in color and caliche content aid 
in their differentiation. The Neville is typically reddish brown to buff, whereas 
younger formations are generally gray. Caliche concretions and cement, abundant 
in the Neville, are uncommon in the Calamity and generally absent in the Kokernot. 

Only the Neville contains mammoth remains. To date, no artifacts have been 
found in the Neville, although the overlying Calamity formation contains artifacts, 
buried hearths, and human skeletons. Archeologists believe that two cultures are 
represented in the Calamity formation; the younger is Pecos River Cave Dweller. 
The Kokernot formation contains cultural material at top and bottom; pottery in 
upper layers shows that these beds were deposited within the interval 1250-1450 A. D. 
(Geological Society project.) 


CHICO SERIES IN CALIFORNIA AND OREGON 


BY F. M. ANDERSON 


The marine Upper Cretaceous detrital deposits in California and Oregon consti- 
tute the Chico series. It is well represented in the Great Valley of California, where 
it has an aggregate thickness of 26,700 feet. Its representative exposures lie along 
the west border of the valley, generally in monoclinal attitude, for about 400 miles. 
The series is capable of stratigraphic and paleontologic subdivision into three major 
groups—the Pioneer, the Panoche, and the Orestimba. 

The Pioneer group crops out in the Cottonwood district and southward along the 
border of the Sacramento Valley, where its maximum thickness is 7500 feet. The 
Panoche group is best exposed on the west border of the San Joaquin Valley, where 
it has an average thickness of 14,200 feet on the flanks of the Diablo Range; parts of 
it are exposed in other places. The Orestimba group is found in the outer foothills 
of the Diablo Range, where it has a maximum thickness of 5000 feet. 

In chronological span the Chico series extends from uppermost Albian to upper 
Maestrichtian or Danian. The faunas of the series, largely cephalopods, are of Indo- 
Pacific affinities, represent all the time stages of the Upper Cretaceous known in 
Europe or other parts of the world, and are capable of supplying the basis of a 
chronological scale suited to the Upper Cretaceous column on the West Coast from 
Alaska to southern Chile, or farther. Its faunas are correlative with those on all 
shores of the Pacific basin. (Geological Society project.) 


CENTRAL MARBLE BELT OF VERMONT 
BY GEORGE W. BAIN 


The east margin of known Cambro-Ordovician sediments appears along the front 
of the Green Mountains from east of Burlington to the Massachusetts line. The 
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Taconic Mountains form its west border throughout a large part of its length. Large 
deposits of commercial marble caused the region to be designated the marble belt. 
The area is particularly significant because it has the only formations sufficiently 
continuous and distinctive to outline the structure in this complex part of the 
Appalachian Mountains. 

The belt lies in the southeastern part of the St. Lawrence drainage system of 
early Tertiary time, and numerous high-level straths head near the Green Mountain 
divide. Mid-Tertiary lignite at Brandon indicates that the present lowlands 
developed early. 

Glassy margins and vesicular centers of Monteregian dikes indicate cool rock and 
a land surface not far above the present summits. The dikes follow regional joint 
systems crossing thrusts and folds considered to be Taconic. 

Sediments range from lower Cambrian to upper Ordovician. The Rutland 
“dolomite” is the thickest single group and has up to 50 per cent greywacke. It is 
regarded as the on-shore facies of the non-feldspathic Cambrian beds in the Taconic 
Mountains. Ordovician marbles overlie the Cambrian dolomites and greywackes and 
are covered by phyllites of Trenton age. 

The Mendon series, lithologically similar to the Cambro-Ordovician groups, is the 
dominant rock of the Green Mountain front. It is nonconformable below the 
Cheshire quartzite and is considered equivalent to the controversial pre-Cambrian 
sediments of the central Appalachians. 


SPONTANEOUS ROCK EXPANSION 


BY GEORGE W. BAIN 


Highly folded rock in quarries, mines, and foundation excavations expands spon- 
taneously when free space is provided. Calculations by static and dynamic methods 
indicate rock pressures up to 1500 kilograms per square centimeter at not over 
50 feet depth. Expansion is along the axis of greatest rock compressibility and is 
due to compression when the rock was folded. 

The stress exceeds the ultimate strength of the rock. Failure appears as slow 
creep; logarithm of strain due to slow creep is directly proportional to logarithm of 
elapsed time. The constant of proportionality varies with rock elasticity. The 
stress causes elastic strain as well as the “plastic” type mentioned. Mathematical 
expressions are derived for elastic strain under different dispositions of the stress 
axes. 

The influence of this inherent stress in causing exfoliation domes and upon foun- 
dation design to prevent exfoliation is indicated. Effect of rock compression of the 
above magnitude upon the gravitational “constant” is calculated and shown to be 
more than 70 times a measurable amount. It is shown that measurement of variation 
in force of gravity relative to time measures the degree of rock compression in a 
mobile belt and inferentially the imminence of expansion violent enough to originate 
an earthquake. (Geological Society project.) 


PHYSIOGRAPHIC DEVELOPMENT OF WIND RIVER MOUNTAINS, WYOMING 
BY CHARLES LAURENCE BAKER 


The summit Wind River (or Fremont) peneplain, younger than most of the 
overthrusting, is widely preserved in the highest surfaces of both crystalline and 
sedimentary rocks in the northern part of the range. Farther south it apparently is 
recognizable in the accordant and subaccordant summits of the Continental Divide. 
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A consequent drainage radiating from the present Continental Divide was developed 
over the peneplaned surface; the peneplain appears to be upfaulted in the summit 
range block between Downs and Knife Point Mountains (Fremont Peak quad- 
rangle); the Green River and Wasatch strata are tilted away from the range at 
angles of 5 degrees and more; the appreciable uptilting of the peneplain surface was 
probably caused by the local up-doming of the present range. 

Three main subcycles of erosion followed peneplanation. Their surfaces are at 
the same elevations, and they exhibit similar relationships in both Missouri and 
Colorado river drainages on respectively east and west range flanks. Probably the 
greatest single factor in their formation was renewed upwarping of the present 
range area rather than the broad regional uplift of the whole Cordillera. 

During the latest main subcycle the present canyons were excavated in the western 
range flanks to a maximum of 3500 feet beneath the peneplain surface and 2000 feet 
beneath the first subsequent subcycle surface. Pleistocene glaciation occurred during 
the third subcycle, the valleys of which exhibit at least three different terraces. 

Subsequent to the post-peneplain consequents are a number of structurally con- 
trolled subsequent valleys developed in the pre-Cambrian rocks paralleling the 
range. 

If the above be valid conclusions, later Cenozoic deformation in this part of the 
central Rockies resembles later deformations in the Cordillera farther west and 
south. 

WESTWARD OVERTHRUSTING IN WIND RIVER MOUNTAINS, WYOMING 


BY CHARLES LAURENCE BAKER 


Field studies by several geologists have demonstrated that the Green River 
(Wyoming) Basin is bordered on its mountain flanks by basinward overthrusts. The 
belt of westward overthrusts in the latitude of the northwestern Wind River Range 
is 40 miles wide, extending from the east side of the Wind River Basin westward 
to the southwestern foot of the Gros Ventre Range. 

The westward overthrusts of the Wind River Range are readily traceable in 
the zone of Paleozoic and Mesozeiec rocks flanking on the west the pre-Cambrian 
between Roaring Fork of Green River on the north and Willow Creek on the south. 
Fast of the Big Bend of Green River, thrusts in an intermediate belt pass into north- 
northwestward-plunging anticlines. Just east an overthrust can be traced north- 
northwest nearly across the Fremont Peak quadrangle. It increases in displacement 
to the north-northwest until its trace becomes buried in moraines. The frontal 
overthrust farther west begins in a plunging anticline and increases its displace- 
ment southward until it too becomes buried beneath moraines. “Klippen” hills of 
much-brecciated, recemented Bighorn dolomite of this overthrust sheet occur at least 
5 miles west of the main overthrust front. 

Farther east in the pre-Cambrian part of the range, extending many miles 
to the south, are great zones of fracture of ground-up gneisses and granites parallel 
to the flanking overthrusts. Four overthrusts in sedimentaries to the north have 
been traced for miles southward in the pre-Cambrian. It is probable that others 
of the great fracture zones exclusively in pre-Cambrian are overthrusts. 


FLORISSANT DEPRESSION AND ITS PHYSIOGRAPHIC SIGNIFICANCE 


BY GEORGE B. BARBOUR 


Contrary to a recently emphasized interpretation, the distribution of the Florissant 
formation is determined, not by the erosional character of the enclosing depression, 
but by the faulting which at all exposures marks its contact with underlying granite. 
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The basin is primarily an etch feature developed on a remnant inlay, downfaulted 
from a more extensive original deposit, as suggested by Rich. Although classified 
as lake beds, the formation has only a few feet of lacustrine ash, the bulk being 
of coarser voleanic material, some of it stream-laid. The late Oligocene or basal 
Miocene age confirmed by McGinitie agrees with the date assigned to vulcanism 
in South Park by Stark, Johnson, Behre, and Powers and has bearing on the 
physiographic history of this sector of the Rockies. The granite pediments sur- 
rounding the depression are undergoing second-cycle dissection by the South Platte 
drainage but grade into others in all intermediate stages of better preservation on 
both flanks of the South Park divide. Northeast of the Florissant basin the pedi- 
ments merge into the higher Rocky Mountain peneplane, here developed with un- 
usual perfection at 9000 feet, its surface abruptly broken by 500-foot monadnocks. 
The pedimentation is clearly post-Florissant. Its relationship to the Rocky Moun- 
tain peneplane is uncertain. It is hard to explain the preservation of the surface 
in so exposed a position since pre-Miocene times. Re-exposure of an older surface 
has been suggested. More probably the peneplane and pediments are younger than 
Miocene faulting and belong to immediately successive stages, if not actually to the 
same stage, of geomorphic development. 


SILICIFIED WOOD IN DOLOMITE 


BY JULIAN D. BARKSDALE * 


Small logs and broken pieces of jet black silicified wood occur in dolomite beds of 
Karnic age outcropping in the Sonoma Range, Nevada. In thin sections some of the 
specimens of wood, tentatively identified as Araucariorylon, show perfect preserva- 
tion of their cellular structure by the infiltration of siliceous solutions now crysial- 
lized as quartz. Single anhedrons of quartz sometimes include several cells filling 
even the smallest openings in the cell walls. Crystallization of the quartz in other 
specimens has disrupted the cell walls and produced a coarse pseudo-cellular struc- 
ture controlled by the crystallographic directions in the growing quartz grains as they 
attempted to clear themselves of the carbonaceous material. The difference in type 
of preservation is thought to be due to the difference in condition of the woods at 
time of silicification. The black color of the wood is due entirely to its carbonaceous 
content. Chips fired in a ceramic furnace have the appearance of unglazed white tile. 


EUROPEAN COLLOFORM ORES OF MISSISSIPPI VALLEY TYPE 


BY CHAS. H. BEHRE, JR. 


Lead-zine ores of “Mississippi Valley type” in certain districts of western Europe, 
like those of the Upper Mississippi Valley district in the United States, show distine- 
tive mineralogic features. In calcareous country rock the ore and gangue minerals, 
as usual and as already noted in the literature, are typically blende (often light- 
colored), galena, pyrite (and marcasite), barite, fluorite, calcite, dolomite, ankerite, 
and quartz. Especially characteristic are the colloform masses of wurtzitic blende 
banded alternately with the ciher sulphides, galena being largely in the interior of 
the masses. In districts where the country rock is non-calcareous, these types are 
not known; the minerals of the gangue change, and the colloidal appearance of the 
ore minerals is conspicuously absent, as especially well shown at Aachen and in the 
Rhine Valley. 


*Introduced by G. E. Goodspeed. 
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These facts suggest that (1) the calcium ions in the gangue minerals and (2) the 
colloform structures of most of the ores are due to the influence of the calcareous 
country rock. 

PALEOZOIC ROCKS IN PIEDMONT VIRGINIA 


BY ARTHUR BEVAN 


Paleozoic rocks are known at numerous localities in Piedmont Virginia. Most of 
them are metamorphosed sediments, but some are only slightly altered and are 
comparable to contemporaneous sediments in the Valley west of the Blue Ridge. 
Some igneous rocks have been referred to the Paleozoic. Certain metamorphosed 
voleanic rocks may be Paleozoic. The metamorphosed sediments occur in belts 
of typical northeast strike, chiefly near the east and west borders of the province. 
The igneous rocks are found in the southern part of the province in Virginia. 
Similar rocks have been described from the Piedmont province in other States, and 
a brief comparison of the occurrences is made. From a brief discussion of the 
paleogeography implied by the distribution and character of the sedimentary and 
meta-sedimentary rocks, it is concluded that either the east edge of the Appalachian 
geosyncline must have been farther east than has been generally recognized or 
that several contemporaneous subsidiary disconnected or interconnected embayments 
existed during at least the early Paleozoic. 


MECHANICS OF BATHOLITHIC INTRUSION IN NEW HAMPSHIRE 


BY MARLAND P. BILLINGS 


Controversies concerning mechanics of intrusion of larger igneous bodies com- 
monly referred to as “batholiths” are long standing. Some geologists recognize 
more than one mechanism; others insist on a single mechanism. 

New Hampshire, with its four magma series—one of late Ordovician (?) age, two 
of late Devonian age, and one of Mississippian (?) age—is an unusually favorable 
province in which to consider the mechanics of intrusion. 

Many of the late Devonian intrusives are in large, concordant “batholiths” which 
attained their present position largely by forceful injection, jamming apart the 
adjacent, metamorphosed sediments. Some of these intrusives form “domes,” with 
roof relations similar to those in laccoliths. Others are stock-like bodies, circular 
in plan, with steep contacts and a concentric foliation in the surrounding schists. 
Still others are great sheets and lenses, the most impressive one being at least 100 
miles long and half a mile to several miles thick. 

Some of the late Devonian “granites” are the product of the intimate penetration 
of older schists, either by lt-par-iit injections or molecular replacement. 

In sharp contrast to these older granitoid rocks is a younger, discordant “alka- 
line” magma series, characterized by ring-dikes, steep-walled stocks, and central 
subsidence. The ring-dikes and stocks attained their present position by some stop- 
ing mechanism, in part piecemeal stoping, in part by filling the potential space left 
by sinking of large blocks many miles in diameter. 

The intrusions differ also in minor structural and textural features, mineralogy, 
pegmatites, related volcanics, associated metamorphism, relation to orogeny, and age. 

The “batholiths” of New Hampshire have been intruded in many ways, the exact 
mechanism depending notably upon the time of intrusion and stress conditions in 
the crust. Probably this applies to all batholiths. 
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PROGRESS OF STUDIES ON THE BEDROCK GEOLOGY OF NEW HAMPSHIRE 
AND EASTERN VERMONT 


BY MARLAND P. BILLINGS AND KATHARINE FOWLER-BILLINGS 


During the last decade intensive studies of the bedrock geology of New Hampshire 
have been conducted by M. P. Billings, C. A. Chapman, R. W. Chapman, K. S. 
Fowler-Billings, J. B. Hadley, E. P. Kaiser, L. Kingsley, F. Kruger, T. S. Meyers, 
D. I. Modell, C. B. Moke, L. R. Page, A. W. Quinn, A. P. Smith, G. W. Stewart, 
W. S. White, C. R. Williams, and numerous assistants. 

The primary purpose of the investigations has been to interpret the stratigraphy, 
structure, metamorphism, petrology, and geological history of this important part 
of the Appalachian Highlands. The quadrangles covered by the various topographic 
sheets have proved to be the most feasible units to study, although in some in- 
stances areas that overlap into two or more quadrangles have been the more natural 
units. 

The geological mapping of 25 per cent of the State has been completed, and work 
is in progress in another 13 per cent. Through cooperation with the State Highway 
Department colored geological maps, on a scale of 1/62,500 have been issued for six 
quadrangles or 11 per cent of the State. An additional 7 per cent of the State is 
covered by recent black and white maps on various scales. 

Some of the field work has extended into eastern Vermont. Three hundred and 
fifty square miles or 3.5 per cent of the State have been completed or are in process 
of completion. 

The exhibition includes copies of the six colored geological maps; an index map 
showing the status of the investigation and who is doing the work; and a large wall 
map which assembles the observations made to date. 


UNUSUAL LAMPROPHYRIC DIKES IN MANHATTAN SCHIST OF 
NEW YORK CITY 


BY HORACE R. BLANK * 


Dikes, ranging in thickness from a few inches to 10 feet, found in outcrops and in 
shaft and tunnel excavations in the northern part of the Borough of the Bronx, New 
York City, cross cut the structure of the Manhattan schist and its associated peg- 
matites. 

The dike rock is massive, bluish-gray when fresh, felsitic, and usually thickly 
sprinkled with spots of various sizes and colors, which give it a very striking porphy- 
ritic appearance. Actually these spots are xenoliths. 

Microscopically the rock is truly porphyritic. It consists essentially of large plates 
of biotite and many small interlocking prisms and needles of apatite and kataphorite, 
with interstitial very small equidimensional grains of orthoclase and accessory sanidine, 
aegirite or acmite, arfvedsonite, and sphene. Some biotite has altered to chlorite; a 
little pyrite has been introduced. The unusually large proportion of apatite is striking. 

The xenoliths represent pegmatite, mica schist or gneiss, limestone (now much sili- 
cated), amphibolite, serpentine, garnet, and possibly other rocks not easily determined. 
Most of them have been greatly changed by the magma, which in contrast has had 
very little effect on the present wall rock. 

In most of its characteristics the dike rock approaches a minette, but it contains 
more amphibole than biotite. Analyses of two specimens show a considerable excess 
of alkalis over Al.Os, and unusually high contents of P2Os, and TiOs. (Geological 
Society project.) 


* Introduced by Charles P. Berkey. 
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PRIMARY STRUCTURES OF SOME SMALL GRANITE PLUTONS 


BY MARGARET FULLER BOOS 


The small bodies of younger pre-Cambrian (Indian Creek) granite which crop 
out west of Denver, Colorado, reveal in their primary structures mechanical details 
of intrusion. Linear and platy flow structures, segregations, and inclusions make 
well-defined structural patterns. 

Dike swarms, both intraplutonic and peripheral, follow fracture systems related 
to magmatic behavior, and fairly distinctive joint patterns aid in the different 
parts of the pluton mass. Selvage structures, which lie below the envelope of 
schist and gneiss (Idaho Springs formation), carry relict structures that conform 
to the regional northwest-southeast trends. Within the sclvage migmatite the mass 
of the plutons is coarse trachytoid granite free from inclusions and fine-grained dikes. 
Foliation and flow structures in the coarse granite lie athwart the regional structural 
trends. 

The building of the plutons progressed in two cycles: (1) An advancing wave of 
magmatic material accommodated itself mostly lit par lit to the strong northwest- 
southeast foliation of the schist and gneiss. (2) Later, an upwelling of magma 
brought a slush of crystals which were forced in below the selvage along openings 
at nearly right angles to the regional strike. 

The orientation of the pod-like plutons within the grain of the metasedimentary 
rocks controls the topography. Granite masses bulk as mountains, and their 
summit cupolas, dike trends, and spiny protrusions of granite within granite define 
local details of knob and slope. (Geological Society project.) 


OAK HILL SERIES IN VERMONT 


BY VERNE H. BOOTH * 


The area between the east edge of the Champlain Lowland and the main range 
of the Green Mountains, extending from Quebec to the Winooski River, is underlain 
by rocks lithologically similar to the Oak Hills series north of the International 
Boundary. The eastern contact of this series with the Missisquoi schists and gneisses 
of the Green Mountains has not been defined. The area is separated from the 
Rosenberg slice on the west by the Oak Hill thrust. 

The Tibbitt Hill schist, the oldest formation, is a basic extrusive, locally amyg- 
daloidal, and now altered to a chloritic and epidotic greenstone. The Pinnacle forma- 
tion has an extremely variable lithology. Typically a metamorphosed and badly 
sheared greywacke, it grades laterally and across the strike into blackish and greenish 
slates, white and gray quartzites, and conglomerates; the latter contain abundant 
boulders of slate, gneiss, granite, basalt, and other igneous rocks, some reaching 15 
inches in diameter. The White Brook dolomite has quartzitic facies. The Gilman 
ranges from whitish quartzite to argillaceous quartzite. The Dunham dolomite, 
light gray to reddish purple, is characterized in its lower part by a meshwork of 
slaty partings; it resembles the oldest exposed bed of the Rosenberg slice. The 
Oak Hill slate resembles the Lower Cambrian Parker slate. The Scottsmore 
dolomitic quartzite is similar to the Upper Cambrian Milton quartzitic dolomite; 
and the associated limestone boulder and intraformational conglomerates are in- 
distinguishable from the Mill River, Rockledge, or Gorge conglomerates of the 
Rosenberg slice. 


* Introduced by C. P. Berkey. 
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GALE EROSION OF SEA BEACHES 
BY CHARLES WILSON BROWN 


Not for more than a century (1815) have the beaches of southern New England 
suffered the onslaught of waves driven by winds of hurricane intensity (109-m.p.h.). 


The opportunity comes now to analyze the quantity and character of the erosive 


power of such waves upon beaches of the off-shore sand dune type, as well as the 


bar-beaches between rocky headlands, and to estimate the value of man’s protective 
works. 

The storm of September 21, 1938, also gives an opportunity to compare the erosive 
power of a two-day northeaster with the strength of a gale of hurricane force con- 
centrated in 6 hours. 

The contributing factors of an equinoctial spring high tide and of proximity to 


storm center must be considered as well as the type and location of cottages de- 


stroyed that made this storm a national disaster. 

The formation of high storm strands with the transformation of dunes into 
widened beaches, together with the erosion of cliffs of incoherent material 25 to 
75 feet high, all help one to realize that a great gale in a day can change shorelines 
that have been stable under ordinary storms for a century. 


PETROGRAPHY OF CRYSTALLINE LIMESTONES AND QUARTZITES 
OF THE GRENVILLE SERIES 


BY E. L. BRUCE AND G. A. RUSSELL 


The crystalline limestones of the Grenville series in the vicinity of Kingston are 
similar to those in other parts of eastern Ontario and in the Adirondacks. They 
consist of both pure and dolomitic limestones, practically all of which contain small 
quantities of non-carbonate minerals. Some of these are magnesian silicates which 
probably derive their magnesium content from the original dolomite of the lime- 
stone. Some of the non-carbonate constituents evidently were formed by additions 
of certain constituents from the intrusives that are so abundant. Garnet apparently 
did not form in the limestone because of deficiency of alumina and possibly of 
manganese. 

Quartzites are interbedded with the limestones. Foreign material is much less 
abundant as the quartz of the original sandstones was no doubt much more inert 
chemically than was the carbonate of the limestone. 


ROSEBUD METEORITE, MILAM COUNTY, TEXAS 
BY FRED M. BULLARD 


The Rosebud meteorite, received by the University of Texas in 1915, is listed 
in several catalogues but has not been described up to the present time. The speci- 
men, which weighs 54.9 kilograms, is an almost perfect conoid-shaped mass with 
well-developed radial pittings on the front surface. The apex is smooth. It is of 
the stony type with slightly more than 13 per cent metallic content. It contains 
well-developed chrondules consisting, for the most part, of olivine and enstatite. 
A chemical analysis, spectographic analysis, and a petrographic description are given. 


STRATIGRAPHY AND STRUCTURE OF WEST-CENTRAL VERMONT 
BY WALLACE M. CADY * 


Three principal thrusts define the structural units of west-central Vermont. The 
Champlain overthrust, just east of Lake Champlain, extends southward, terminating 


* Introduced by G. Marshall Kay. 
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at Benson. The Hinesburg overthrust, along the east side of the Champlain Low- 
land, dies out south of Hinesburg; thus both thrusts decrease in throw southward. 
Between them is the Hinesburg synclinorium, south of which, over the Monkton 
cross anticline, is the southward-plunging Middlebury synclinorium. The Taconic 
klippe overlies the south center of the latter. 

On the east limb of the Middlebury synclinorium the Lower Cambrian Cheshire 
quartzite (1000 feet +) unconformably overlies the Mendon sediments of the Green 
Mountains. Above the Cheshire 1800 feet of dolomite separates it from the Monk- 
ton quartzite (725 feet), which is overlain by beds (350 feet) identical with the true 
Winooski dolomite of Winooski Falls. In northwestern Vermont the Cheshire is not 
brought up along the Champlain overthrust, as are the overlying dolomites, the 
Monkton-Parker horizon, and the Winooski. 

Quartzites (480 feet) and dolomites (480 feet) overlying the Winooski are trace- 
able southwestward into the Potsdam and Little Falls formations of the foreland 
and northward into the Milton-Hungerford and Gorge horizons of northwestern 
Vermont. Overlying marbies, dolomites, and sandy limestones are traceable 
into Beekmantown B, C, and D of the foreland (1200 feet +). Erosion has 
removed higher beds from the Hinesburg synclinorium. In the Middlebury syn- 
clinorium Beekmantown E dolomites (470 feet) are present only on the west and 
are overlain by Chazy limestone (1000 feet +), Black River-Trenton limestones 
(200 feet), and shales (400 feet) which on the east lie upon Beekmantown D. 


ARCHEAN FORMATIONS OF THE GRAND CANYON 


BY IAN CAMPBELL AND JOHN H. MAXSON * 


The Archean formations of the Grand Canyon include the thick metasedimentary 
Vishnu series, metavolcanics, and several types of intrusive rock. The Vishnu series, 
more than 25,000 feet thick, comprises quartz mica schists, sericite schists, quartzites. 
and more highly metamorphosed derivatives. The original sediments were fine- 
grained clastics characteristic of the neritic zone. They are well bedded and appear 
to have been deposited on a shallow, subsiding sea floor. The metavoleanics, aggre- 
gating 4000 feet or more, are amphibolities derived from basic flows and tuffs. They 
were erupted during pauses in sedimentation and are concordant with the metasedi- 
ments. 

The Archean batholiths, which are possibly closely related in age, appear to be 
roof portions where cut by the Grand Canyon. Three principal bodies are dis- 
tinguished. The first is in the upper Granite Gorge where pink granites and related 
pegmatites occur as lit-par-lit dikes in the metamorphics and are further mani- 
fested in granitization of the schist. The second occurs as a mass having a breadth 
of several miles in the Shinumo quadrangle. It ranges between quartz diorite and 
tonalite in composition. The third and largest body is a massive batholith out- 
cropping at intervals throughout the lower Granite Gorge. The rock is principally a 
gray sericitized granite. The intrusive rocks in many localities show foliation which 
for the most part is believed to be inherited from the assimilated schists. 


MOVEMENT OF SOME GREENLAND GLACIERS 
BY WILLIAM S. CARLSON f 


The fourth Greenland Expedition of the University of Michigan was carried out 
in the winter of 1930-1931 within the Upernivik District of west Greenland. 


* Introduced by John P. Buwalda. 
t Introduced by William H. Hobbs and I. D. Scott. 
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Although the objectives of the expedition were primarily meteorological and 
aerological, glacial studies were also made. Attention was paid to the position of 
the ice front by means of triangulations. The front of the Upernivik Glacier was 
mapped in its entirety; extensive studies were made concerning its rate of move- 
ment, and these are compared with studies of movement made by Captain Ryder in 
1886 and 1887. The position of the fronts of Giesecke, Ussing, and Cornell glaciers 
were also determined. 

It was found that the highest rates of motion were naturally encountered in the 
glaciers of the large icefjords. The greatest movements were found near the center 
of the ice stream. A comparison of Ryder’s observations with the author’s shows 
some agreement as well as some differences. No such great velocities as were 
found by Ryder in 1886 were recorded for the 1931 period. The direction of move- 
ment has remained the same. Of the many outlet glaciers in the district, 
Upernivik Glacier is by far the largest and most productive. Some of the glaciers 
in the district showed a marked retreat within the past 40 years. This retreat was 
greatest at the Upernivik Glacier near the south margin of the district. 


PTERYGOTUS IN THE RICHMOND OF OHIO 
BY KENNETH E. CASTER 


Many fine specimens of a new species of Pterygotus, s.s. have been recovered from 
the Upper Richmond (Elkhorn) near Manchester, Adams County, Ohio. Much of 
the material is articulated and in a fine state of preservation. Adequate data are at 
hand to make a detailed analysis of the ephebic organism. Fragments of several 
immature individuals have also been recovered. The occurrence appears to be 
unique both for the Richmond subseries and the State of Ohio. The genus has 
been found only rarely outside of the Upper Silurian and less often outside of the 
State of New York on this continent. Environmental data indicate that these 
pterygotids probably lived in a zone of shore contamination and possibly in 
brackish water. The associated fauna is depauperate and principally composed of 
pelecypods. Pterygotid associations have been quarried from several definite levels, 
all within 10 feet of the first evidence of the Queenston red (here purple) magnafacies 
in the Manchester section. The uppermost occurrence is about 4.5 feet below the 
base of the Brassfield limestone. 


CAULDRON SUBSIDENCE AT ASCUTNEY MOUNTAIN, VERMONT 
BY RANDOLPH W. CHAPMAN AND CARLETON A. CHAPMAN * 


In 1903, Daly published his classic report on Ascutney Mountain, Vermont, in 
which he concluded that this igneous complex had been emplaced by “piecemeal stop- 
ing.” Since that time, however, great advances have been made in the study of 
igneous bodies. Accordingly, it was deemed advisable to restudy Ascutney Moun- 
tain to see what light the new information might shed on the method of intrusion. 
Two theories were found worthy of special consideration: forceful injection and 
magmatic stoping. 

Forceful injection will not satisfactorily explain the complex for several reasons: 
(1) Most of the intrusives show no linear or planar structures. (2) The inequidi- 
mensional bodies of the complex have their longer axes athwart the regional struc- 
ture. (3) The dip and strike of the country rock have not been disturbed. (4) 
The folds and linear features in the country rock are regional and plunge consist- 


* Introduced by Marland P. Billings. 
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ently to the north at low angles. (5) The complex belongs to the White Mountain 
magma series which has been intruded peaceably. 

The authors believe that cauldron subsidence (ring-fracture stoping) will explain the 
intrusion better than piecemeal stoping. Cauldron subsidence is suggested by: (1) 
the relationship of the rocks to those of the White Mountain magma series, many 
of which have been emplaced by this process; (2) the roughly elliptical outline of 
the main stock of the complex; (3) the slender, arcuate screen of volcanic rocks on 
the west side of Ascutney Mountain, and (4) the progressive, easterly shift of 
centers of successively younger intrusions so characteristic of cauldron subsidence. 


GEOLOGY IN EASTERN IRAN 


BY FREDERICK G. CLAPP 


This paper comprises the results of reconnaissances made by the writer during the 
past 11 years and by several associates in 1937 and 1938, together with correlations 
and consideration of the principal conclusions. The complete literature of previous 
studies by other investigators is considered. The formations of the region range 
from Cambrian to Recent in age. The country is mainly a high plateau having 
several notable depressions, all of which are described physiographically. The Alborz 
Mountains system and associated ranges in the North and important ranges in the 
center and South cause diversified types of scenery. The mountain systems are 
widely spaced by vast deserts called the Dasht-i-Kavir and Dasht-i-Lut. The struc- 
tural complications of the plateau, especially its faults, folds, and overthrusts, are 
discussed. In short, the paper is a broad discussion base on all the reconnaissances 


to date. 


CORRELATION OF PENNSYLVANIAN DES MOINES SERIES OF 
SOUTHERN IOWA AND NORTHERN MISSOURI* 


BY L. M. CLINE Tf 


The Pennsylvanian rocks of Iowa are being examined anew and in detail by the 
Iowa Geological Survey, and mapping has been completed for several counties. 
The writer recently completed a traverse of the Des Moines series from Guthrie 
County, Iowa, to Lafayette County, Missouri. The results of these studies are as 
follows: The inconspicuous Des Moines-Missouri contact of Iowa lies between the 
Hertha and “Fragmental” limestones. The “caprock” of the “Ovid” coal (of Condra 
and Upp) equals the “T’repospira zone” of Missouri. The “Fragmental” (“Floating 
rock” of Bain) is represented in Putnam County, Missouri, by the thin nodular 
limestone below the first coal beneath the “Trepospira zone.” All unnamed persist- 
ent limestones of the Des Moines series have been numbered temporarily in descend- 
ing order from one to seven. “Limestone one” (Fifty-foot limestone of Bain)= 
Pawnee of Missouri. “Limestone two”=Seventeen-float limestone of Bain. “Lime- 
stone three” = Mystic caprock = Lexington caprock of Missouri. Northwest of Madi- 
son County the Mystic splits into two coals, the lower being the Marshall. The Sum- 
mit coal of Missouri is identified throughout the area. “Limestone four” lies between 
the Summit and the Marshall. The Mulky coal and its caprock (“Limestone five” = 
Lower Fort Scott) are persistent. An important unconformity, marked by wide- 
spread channeling, separates the Mulky from “Limestone six” (“Two layer” of Lucas 
County = Ardmore of Missouri). The Tebo coal of Missouri equals the Whitebreast 


(Panora) of Iowa. 


* Published by permission of the Director, Iowa Geological Survey. 
¢ Introduced by A. C. Trowbridge. 
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MT. BAKER AND MT. RAINIER IN WASHINGTON 
BY HOWARD A. COOMBS* 

Mt. Rainier and Mt. Baker in Washington are two representatives of a chain of 
maior volcanoes extending the length of the Cascade Range. The lavas of these vol- 
canoes poured out on an erosion surface of the Cascades which had a maximum relief 
of about 5000 feet. Mt. Rainier is a typical strato-voleano composed entirely of 
andesitic flows and pyroclastics. The actual cone measures 12 miles in diameter and 
10,000 feet in height. The crater, however, is 14,408 feet above sea level as the base 
of the voleano rests on the top of the Cascade Range. 

The volcano of Mt. Baker measures 6000 feet in height, approximately 8 miles in 
diameter, and is composed almost entirely of andesitic flows. Pyroclastics are rare. 
The first flows formed a cone known as Black Buites, then the vent shifted 2 miles 
to the east and formed Mt. Baker proper. The rocks from the volcanoes are note- 
worthy because of their lack of variation. Chemical analyses are practically identical 
whether the specimens are from the base or top of Mt. Rainier or from the sides of 
Mt. Baker. The rocks from both volcanoes contain a peculiar monoclinic hypersthene. 

Mt. Baker and Mt. Rainier probably began to form in the Pleistocene, and activity 
continued until historic times. (Geological Society project.) 


FROZEN GROUND IN SIBERIA 
BY GEORGE B. CRESSEY 

Three and a half million square miles of Soviet territory is underlain by permanently 
frozen ground. Ice is not always present, but temperatures remain below 0°C. to 
depths of as much as 890 feet. The limits of freezing extend eastward from the White 
Sea somewhat below the Arctic Circle as far as the Yenesei Valley, where the bound- 
ary turns southward into Mongolia. Almost all of eastern Siberia is included. 

In some places unfrozen layers are found between frozen ground; elsewhere there 
are unfrozen islands surrounded by frozen ground and frozen islands surrounded by 
unfrozen ground. Some layers of ice are buried relics of Pleistocene glaciers or 
river ice, but most frozen ground has acquired its low temperature from the atmos- 
phere. 

Wherever the annual air temperature is below freezing, an increment of cold is 
added to the ground each winter which is not dissipated by summer heat. Thus 
successive yearly waves of cold are sent into the earth, penetrating until dissipated by 
the natural warmth of the interior. Temperatures in drill holes sometimes show 
colder zones between warmer ones. 

The area of frozen ground does not correspond to the extent of Pleistocene glacia- 
tion. Where there was a thick blanket of glacial ice, the ground was protected from 
abnormal temperatures. Snow cover today is thin over most of the permanently 
frozen area. Soviet scientists generally agree that negative earth temperatures 
originated from negative air temperatures. Probably much of the area began to 
freeze in pre-glacial times. There is some evidence of current degradation, as shown 
by the increasing thickness of an unfrozen zone between the permanently frozen 
ground below and the horizon of winter freeze above. 

STRIKE-SLIP FAULTING IN DEATH VALLEY, CALIFORNIA 
BY H. DONALD CURRY + 

Preliminary study of certain features associated with a number of faults in Death 
Valley has led to the tentative conclusion that a large component of the fault move- 
ment is stroke-slip in nature. 


* Introduced by G. E. Goodspeed. 
+ Introduced by John P. Buwalda. 
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Some of the phenomena are well evidenced intermittently through most of the 
length of the valley, but many of the best examples are located along the east side 
of the northern half, from Furnace Creek northward. Many of the faults lie entirely 
in Quaternary alluvium on the valley floor, others involve Tertiary or older rocks 
as well. All tend to be en echelon in arrangement and sub-parallel to each other and 
to the general trend of the valley. Some individual faults can be traced for 20 miles 
or more, especially when viewed from the air. 

Features suggesting strike-slipping in Death Valley are: offset alluvial fans and 
drainage channels, shutter ridges, drag folds, horizontal slickensides, fossae or fault 
trenches, pressure ridges, and sag ponds. 

The weight of evidence seems to indicate a clockwise relative movement; the 
west side of a given fault moves north with respect to the east side. The amount 
of horizontal movement is at least equal to the vertical in most cases. Strike-slip 
dislocations of at least 30 feet have been measured, and it is believed that much 
larger offsets have occurred. On relatively flat surfaces there is often no discernible 
scarp, but the fault is marked by a churned-up furrow in the recent alluvium. 


“TURTLEBACK” FAULT SURFACES IN DEATH VALLEY, CALIFORNIA 


BY H. DONALD CURRY* 


The Black Mountains form the eastern wall of central Death Valley from Furnace 
Creek southward to the Ibex Hills. Great segments of this wall are characterized 
by a smooth, broadly convex, slightly eroded surface, extending for miles along the 
mountain front and rising thousands of feet toward or to the crest of the range. 
Viewed from a distance, the fancied resemblance of these curved planes to the cara- 
pace of a land tortoise has suggested the field name “turtleback” surface. 

Three turtleback areas have been recognized in the Black Mountains. They prove 
to be structural as well as topographic features, representing faults of late Tertiary 
age from which the hanging wall has been largely stripped. Wide areas of the surface 
remain undissected and have been preserved on the resistant Archean rocks that 
invariably form the footwall. The fault plane itself is a clean-cut, simple break, 
marked usually by only a few inches of hardened gouge. The dips vary from 15 to 
60 degrees, with those over 32 degrees exceptional. Each turtleback tends to parallel 
the valley front for several miles, then the strike swings abruptly into the range. 
At these geniculations are large embayments of the overlying Tertiary rocks or of 
the valley floor itself. Scattered remnants of the hanging wall, consisting of much- 
disturbed Tertiary and older rocks, occur along the bases of the turtlebacks or on 
their less-steep slopes. There is evidence for the hypothesis that the turtlebacks 
represent the stripped sole of warped thrust faults. Similar features are recognized 
in the Panamint Mountains. 


STRUCTURAL RELATIONS AND HISTORY OF CRETACEOUS AND 
TERTIARY OF THE CENTRAL ATLANTIC COASTAL PLAIN 


BY N. H. DARTON 


Field work in eastern Maryland and part of Virginia in the last half of 1938 yielded 
many additional data as to overlap relations and contact altitudes of the formations 
of the Coastal Plain. Much of the exploration was by means of holes bored by an 
earth auger with determination of elevations by levelling. It was found that a pink 
clay member near the middle of the Pamunkey group (Eocene) extended through 
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much of eastern Maryland and Virginia to the James River. The truncation of 
this member and the overlying mar! near latitude 39° indicate an uplift in mid-Eocene 
time; many features of the uplift were determined. The configuration of the Eocene- 
Miocene plane shows considerable deformation as well as its tilt to the southeast, 
some of which was initial. 

Contours of the Lafayette plain show that some of the larger drainage features 
were outlined in Pliocene time, and while they indicate some subsequent tilting there 
appears to have been no material deformation. Relations along the west edge of the 
Coastal Plain deposits show that the Miocene overlapped onto the old crystalline 
rocks of the Piedmont zone. However, the base of the lower Cretaceous rises so 
rapidly that no expression of its western extension could be expected. There is no 
general Fall Line fault as suggested long ago, but there has been minor local faulting. 
(Geological Society project.) 


TWO LOWER PALEOZOIC GROUPS, ARBUCKLE AND 
WICHITA MOUNTAINS, OKLAHOMA 


BY CHARLES E. DECKER 


It is purposed to place the older Paleozic formations of the Arbuckle and Wichita 
Mountains in two groups, with two formations in the lower group and nine in the 
upper. A type section is designated for each formation, and its age, thickness, general 
characteristics, and upper and lower limits are given as accurately as possible. Most 
of the formation names have been used by E. O. Ulrich, although some of them were 
discussed in the field with the writer. Substitutions are made for a few of Ulrich'’s 
names which are either preoccupied or for other reasons are not suitable. Two new 
names are proposed, and a table of formations is presented. 


CAMBRIAN FORMATIONS OF SOUTHWESTERN ALBERTA AND 
SOUTHEASTERN BRITISH COLUMBIA 


BY CHARLES DEISS 


Field studies since 1931 have shown that: published type sections in Alberta and 
British Columbia were not usable for accurate correlation; genera restricted to widely 
separated stratigraphic horizons were lumped together in published faunal lists; for- 
mations, as defined, were not mappable units; and the Middle-Lower Cambrian 
boundary was incorrectly located. 

Three sections were remeasured in 1938: Castle Mountain and Ptarmigan Peak in 
Alberta, and Ross Lake in British Columbia. The results are: 

The Mount Whyte formation contained both Middle and Lower Cambrian fossils. 
The upper 58 feet of the formation contains Kochaspis ef. cecinna and K. ef. gogensis 
(Walcott) and is lithologically identical with the Ptarmigan limestone. Consequently, 
the Middle-Lower Cambrian boundary must be drawn just below the Kochaspis 
cecinna zone and at the base of the emended Ptarmigan formation. 

The Ptarmigan limestone is well developed only at its type locality of Ptarmigan 
Peak. The formation thins southward to 105 feet at Castle Mountain and is litho- 
logically and faunally unrecognizable at Ross Lake. 

The Albertella fauna occurs only at one horizon, a 1- to 8-foot shale zone, in the 
Cathedral dolomite. The shale is 200, 480, and 375 feet above the base of the Cathedral 
formation in the Castle, Ross Lake, and Bosworth sections, respectively. 

None of the species of trilobites in the upper part of the Gordon shale of Montana 
are associated with Albertella in the Canadian sections. Kochaspis, Neolenus, and 
Zacanthoides also are not represented and probably are not associated with Albertella 
in other areas. (Geological Society project.) 
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SANTA FE FORMATION 


BY CHARLES 8S. DENNY * 


The type area of the Santa Fe formation (late Tertiary) is the region north of 
Santa Fe, New Mexico, between the Sangre de Cristo and Jemez mountains. The 
formation includes gravel, sand, silt, volcanic ash, and a little clay. Intraformational 
breccias are abundant in certain zones. Most of these materials were laid down as 
coalescing alluvial fans in a basin which, at its maximum, extended to the east and 
probably far to the west of the present limits of the formation. This alluvium was 
deposited by streams which flowed westward from highlands that bordered the basin 
on the east. Throughout most of the period of deposition these highlands were rela- 
tively low. During late Santa Fe time the eastern highlands stood at a somewhat 
greater elevation relative to the basin floor, and river gravels indicate that the 
center of the basin was occupied by a through-flowing river. The events of post- 
Santa Fe time have either removed or concealed all trace of the deposits laid down 
in the western part of the basin. Post-Santa Fe deformation has given the beds a 
general westward dip at angles of 5 to 10 degrees or more. At many localities the 
beds are displaced by normal and reverse strike faults, most of which are filled with 
conglomerate or sand dikes. Similar faults displace the unconformity which separates 
the formation from the older rocks to the east. Along their west border the Santa Fe 
beds are covered by the younger sediments and volcanics of the Jemez mountains. 


(Geological Society project.) 


CORRELATION BETWEEN GLACIAL AND PLUVIAL CYCLES DURING 
THE GREAT ICE AGE 


BY H. DE TERRA 


The impact of glacial climate upon the nonglaciated regions of the northern hemi- 
sphere, especially the tropics, has so far never been fully recognized. It was held that 
the climatic conditions during the Ice Age had led to glacial advances in northern and 
to pluvial conditions in southern regions. The present status of our knowledge of this 
problem is briefly reviewed, and a few examples are given to show that correlations of 
this type exist in Europe, East Africa, and North America. However, such evidence 
is held inadequate to postulate a complete correspondence of glacial and pluvial 
conditions. 

New explorations in Asia recently carried out on Quaternary formations by the 
writer indicate how four major glaciations in the Himalayas are recorded in the Pleisto- 
cene of northwestern India. There are four zones of gravelly or silty composition 
separated from each other by major breaks which coincide with interglacial stages. 
The older two gravel zones are folded, and the younger ones are associated with ter- 
races. These are uniformly developed all over continental southern Asia, thus pro- 
viding an ideal means by which one can prove certain cycles of sedimentation and 
soil making connected with the third and fourth glaciations. For this purpose fossil 
fauna and Stone Age tools proved to be reliable stratigraphic guides. A fourfold 
stratigraphic division of the Quaternary of Eurasia is envisioned as expressing the 
correlations between glacial and pluvial cycles. It is held that such uniformity of 
Quaternary records can best be understood in the light of the solar radiation theory 
of Milankovitch. 


* Introduced by Kirk Bryan. 
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MARINE PHOSPHATE DEPOSITS OFF THE COAST OF CALIFORNIA 
BY R. S. DIETZ AND K. 0. EMERY * 


Dredging operations during the past year at the Scripps Institution of Oceanography 
under the direction of F. P. Shepard and previous sampling by Revelle have shown 
that phosphate deposits are extensively developed off the Southern California coast. 
On the tops of submarine banks phosphate was the type of rock most frequently en- 
countered and it was also common in dredgings from steep slopes. The widespread 
distribution of the phosphatic material together with several ‘her lines of evidence 
suggest that these deposits are being formed at the present time. The environments 
are characterized by the absence of sediments except for some glauconitic and fora- 
miniferal sands. 

Phosphate liberated from the remains of marine animals probably serves as the 
source. The principal mineral is collophane which is present both as a relatively 
pure deposit and as a cement for unconsolidated rock fragments, phosphatic odlites, 
glauconite, and foraminiferal sand. Organic remains enclosed in the phosphate include 
fish and mammal bones, sponge spicules, diatoms, and Foraminifera. (Geological 
Society project.) 


TRUE RELATIONSHIP BETWEEN FLORAS OF TYPE LANCE AND 
FORT UNION FORMATIONS 


BY ERLING DORF 


Despite its controversial nature in connection with Mesozoic-Cenozoic boundary 
problems, the flora of the Lance formation at its type locality has never been ade- 
quately studied or described. During the past two summers collections were made at 
eight localities in the type Lance Creek area of eastern Wyoming, under joint auspices 
of Carnegie Institution of Washington and Princeton University. 

Combined with smaller collections from the same region, now in the United States 
National Museum, the flora at present comprises about 75 species, of which 10 are 
apparently new. More than 75 per cent of the species have previously been reported 
elsewhere. An overwhelming majority are found only in formations now regarded as 
of Upper Cretaceous age on the basis of both stratigraphy and paleontology. 

It is clearly shown that this flora has very little resemblance to the widespread and 
well-known Fort Union flora. There are only eight species in common between the 
two floras; two of these species are long-ranging forms, and two of the others are only 
questionably reported from the Fort Union. As work progresses it is becoming appar- 
ent that published reports of the similarity between the Lance and Fort Union floras 
are erroneous and were based mainly on inclusion in the Lance flora of species now 
known to have come from younger formations. It is also evident that the flora of 
the non-dinosaur-bearing members in the upper Lance is of Fort Union aspect, having 
little in common with the flora of the dinosaur-bearing members of the lower Lance. 


CORRELATION CHARTS BY THE COMMITTEE ON STRATIGRAPHY OF 
THE NATIONAL RESEARCH COUNCIL 


BY CARL 0. DUNBAR 


A set of large, annotated correlation charts of North American sedimentary forma- 
tions has been under preparation for the last 4 years by a committee of ten with the 
collaboration of about 80 American stratigraphers. A separate chart is devoted to each 
system (two charts each for the Pennsylvanian, Cretaceous, and Tertiary), and enough 
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columns are included to represent all important outcrop areas and to include most of 
the formation names now in use. Controversial correlations and qualifications are 
covered by annotations in the form of footnotes to be printed along the bottom of the 
chart. Part of the set now awaiting publication will be exhibited. 


STRUCTURAL REVISIONS IN THE NORWAY DISTRICT, MENOMINEE 
RANGE, MICHIGAN* 


BY CARL E. DUTTON f 


A restudy of the Menominee Range has for its goal the revision or verification of 
various interpretations which have been made in that region. Examination in the 
vicinity of Norway has led to the proposal of a fault system to which the iron-ore 
bodies seem genetically related. There are three directions of fault trends, and all the 
previous mine workings are situated on or near one of the fault zones. 


STRUCTURE OF THE WASATCH-GREAT BASIN REGION 


BY A. J. EARDLEY ¢ 


The structural trends of the Wasatch Mountains, the eastern part of the Great Basin, 
and the west end of the Uinta Mountains were assembled from 15 areas already 
mapped and by reconnaissance tracing of trend lines between mapped areas. One of 
the most striking features of the study is the lack of alignment of the Laramide and 
Basin and Range trends. A Laramide control is at best incidental and local. The 
foliation of the pre-Cambrian rocks was also mapped. It appears that the structures 
in the old crystalline rocks inherited from pre-Algonkian (?) time exerted little in- 
fluence on the course that the Basin and Range faults took. This is also true, except 
perhaps locally, for the Laramide trends. A highland area of recurring positive char- 
acter was delineated in the north-central Wasatch and Great Salt Lake area. Its 
resistance to deformation has affected profoundiy the Laramide folds and thrusts 
around it, but the ancient internal structures of its crystalline rocks exerted little 
control. The highland affected the Basin and Range faults in no discernible way. 

The structure of the Uinta-Wasatch junction is deciphered, three major uplifts along 
the Uinta “axis” are defined, the structural significance of the basins of thick sedi- 
mentation is investigated, the nature and amount of crustal shortening are studied by 
means of a mechanical model, and the north-central Utah trends are related to the 
regional trends of Idaho, Wyoming, and Colorado. The various characteristics of the 
Basin and Range fault system significant to a theory of origin are enumerated. 


HELIUM INVESTIGATIONS. IV. INTERCALIBRATION AND COMPARISON IN TWO 
LABORATORIES OF MEASUREMENTS INCIDENT TO THE DETERMINATION 
OF GEOLOGIC AGES OF ROCKS 


BY ROBLEY D. EVANS, CLARK GOODMAN, N. B. KEEVIL, A. C. LANE, AND W. D. URRY 


The apparent agreement between ages based upon the accumulated radiogenic lead 
in radioactive minerals and those obtained from the helium method was evidence for 
the validity of both methods. In an effort to extend the scope of the work, researches 
were initiated which indicated disagreement in ages when compared with published 
results from the same geologic horizons. Cooperative investigations were undertaken 
by the authors to ascertain the nature of this discrepancy. As a result there is agree- 


* Presented by permission of the State Geologist of Michigan. 
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ment between the alpha-heisum and the radon-thoron-helium methods, but an error 
of about 2.35 exists in previous radium determinations of this series. The age correc- 
tion will vary. The full paper will include new determinations as well as complete 
details of the corrections involved. 

The results indicate a decrease in the published helium ages, but a range of values 
on the revised helium scale still shows ages ranging from 3 to 1500 million years. 
(Geological Society project.) 


SEISMIC MEASUREMENTS ON THE OCEAN FLOOR 
BY MAURICE EWING * 


Seismic refraction measurements made in depths of 1800 to 2600 fathoms during 
the last year are described. Advances in technique of constructing bombs and in 
placing recording equipment on the ocean bottom are explained. Preliminary 
results are given. (Geological Society project.) 


GEOPHYSICAL INVESTIGATIONS IN EMERGED AND SUBMERGED ATLANTIC 
COASTAL PLAIN. PART IV. CAPE MAY, NEW JERSEY, SECTION 


BY MAURICE EWING, GEORGE P. WOOLLARD, AND A. C. VINE t 


Seismic refraction measurements of the depth to the crystalline basement rocks 
were made at 12 stations on a line from Bridgeport, New Jersey, to Avalon, New 
Jersey. The depths showed a gradual increase seaward from the Fall Line near 
Bridgeport to over 5000 feet at the coast. The changes in slope noted for the 
surface of the basement were consistent with those observed in previous investiga- 
tions, and the depths gave excellent agreement with the available well-log data. Two 
seismic horizons were mapped in the overlying sediments. These agreed with those 
found on the Barnegat Bay section and were correlated with the same geologic 
horizons from well-log data. 


GLACIAL GEOLOGY OF GRAND COULEE DAM 
BY RICHARD FOSTER FLINT AND WILLIAM H. IRWIN 


Sections of the fill in Columbia canyon near Grand Coulee Dam, together with 
the stratigraphy and morphology of related features downstream, record the expan- 
sion and later shrinkage of the Okanogan glacier lobe during the last glaciation. 
Three stratigraphic zones are recognized: (1) A basal sequence of lacustrine fines 
interbedded with fluvial sediments, recording oscillatory ponding of the Columbia 
River as the glacier dammed it downstream. At first the lake was shallow and 
drained west around the ice margin. Later it was more effectively dammed. 
deepened, and forced to discharge south through Grand Coulee. (2) A till zone, 
recording the arrival of ice, with fluctuations, at Grand Coulee Dam during the 
glacial climax. (3) Later deposits stratigraphically (but not everywhere vertically) 
overlying the till zone, recording oscillatory deglaciation accompanied by transition 
from lacustrine to fluvial conditions. 

The San Poil glacier lobe entered the lake-filled Columbia canyon at Keller 
Ferry, 15 miles upstream from Grand Coulee Dam, and contributed sediment to the 
lake. The maximum of this lobe appears to have been approximately contem- 
poraneous with the maximum of the neighboring Okanogan lobe. 


* Introduced by Charles P. Berkey. 
+ Introduced by Charles P. Berkey. 


» 
| 


ABSTRACTS 1881 


While residual ice was still present locally in Columbia canyon downstream, drain- 
age abandoned Grand Coulee and resumed its former (and present) course. There- 
after, grading of the long profile of Columbia River proceeded both by erosion of the 
lake fill and by deposition in depressions partly of ice-block origin and was marked 
by at least one delay recorded by a particularly conspicuous stream terrace. 
(Geological Society project.) 


PRELIMINARY RESULTS OF A RESTUDY OF THE DEEP KILL 
GRAPTOLITE SHALES 


BY ROUSSEAU H. FLOWER * 


A stratigraphic and faunal restudy of the Deep Kill (Ordovician) shales of New 
York has brought to light a greatly increased range of certain species, a number of 
new species and varieties of graptolites, and an interesting associated fauna. Rela- 
tively restricted zones contain highly characteristic assemblages. Most remarkable 
of the stratigraphic results is the occurrence of forms typical of bed III (Didymo- 
graptus bifidus zone) in the upper grits of bed II with the fauna of that bed. 

Brachiopods commonly occur with graptolites in beds composed of flaky siliceous 
material. A considerable variety of sponges is present. Between certain graptolite 
planes beds containing trails (Climactichnites) suggest shallow-water conditions. 

Radiolarian cherts occur at the top of the section but are dissociated from the 
graptolite beds by a fault. 


POSTGLACIAL FAULTING IN THE TETON RANGE, WYOMING 
BY FRITIOF FRYXELL 


At the east base of the Teton Range, the upper slopes of several small treeless 
moraines (Pinedale stage) are crossed by straight, east-facing scarps 150 to 200 feet 
high. Such scarps occur below the two prominent gulches on Teewinot and are 
especially well displayed near the base of Rockchuck Peak. A lateral moraine imme- 
diately north of Laurel Lake is also interrupted by an offset, with apparent 
upthrow on the west. The several scarps are in line with each other; they strike 
N 10°-20° E parallel to the mountain front and dip eastward at 50 to 60 degrees. 
Beneath one scarp on Teewinot is an accumulation suggestive of slumping, but the 
other scarps exhibit no such features. The scarps are therefore attributed to post- 
Pinedale movement on the main Teton fault. The interval of time since faulting 
has sufficed for streams to gully the scarps to a depth of 50 feet and to build sub- 
jacent alluvial fans. 

Continuation of the scarps becomes uncertain at points where they enter the 
heavier, wooded moraines outside of Garnet, Cascade, and Paintbrush canyons. 

Postglacial fault scarps support the concept of the Tetons as a first-cycle range, 
suggesting that the precipitous east slope is primarily an eroded fault scarp rather 
than a fault-line scarp; they indicate that at their mouths the east-slope canyons are 
hanging because of rejuvenation; and they suggest that local earthquakes may 
have originated in consequence of renewed movements on a Teton fault. 


GRINNELL GLACIER, GLACIER NATIONAL PARK, MONTANA 
BY GEORGE R. GIBSON AND JAMES L. DYSON + 


Stratification due to the annual accumulation of snow is well exhibited in 
Grinnell Glacier. Layers of snow in the narrow firn zone at the head of the glacier 
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are wedge shaped and have a steep initial tilt toward the glacier front. Weight of 
overlying layers forces the earlier-formed layers to rotate so that after travelling 
a relatively short distance they assume a backward dip which gradually increases 
until, approximately halfway between cirque wall and glacier front, a maximum of 45 
degrees is attained. 

Detailed study of the position of ice strata in various parts of the glacier has 
yielded information on the nature of the ice motion, the age of the ice, and its 
probable thickness. 

Available records dating back to 1897 and direct observation by the authors over 
a 4-year period indicate that Grinnell Glacier has been reduced to about half the 
size it was in 1900, and that the recession during recent years has been most rapid. 


GLACIAL CIRQUES IN THE PRESIDENTIAL RANGE 


BY RICHARD P. GOLDTHWAIT * 


Two glacial features of the Presidential Range in New Hampshire indicate that 
mountain glaciation preceded the last continental glaciation: (1) Striae on cirque 
headwalls where mountain glaciers could not abrade, and (2) oval sheepsbacks cross- 
cutting rock structures. Each is parallel to known motion of the continental ice. 
This ice sheet is considered to be Wisconsin on statistical evidence such as 
limonite staining in till, ratios of fresh to weathered pebbles, and preservation of 
topographic features in the drift. Thus, mountain glaciers, which sculptured the 
cirques, are early—or pre-Wisconsin. The fine preservation of cirque form sug- 
gests that they immediately precede continental glaciation, perhaps in early Wis- 
consin (Iowan) time. 

The position and orientation of these mountain glacier systems have climatic 
significance. The approximate position of each terminus was located on the basis 
of the lowest triangular facet and the limit of trough scoured below the normal 
stream profile. By analogy to modern glaciers this “average terminal posit.on” 
indicates predominant melting temperature throughout each year. A second and 
new concept—“the schrund level”—which is the intersection of the cirque floor with 
the headwall slope, approximates the level of the former bergschrund where tem- 
perature fluctuated near the freezing point during summer only. Direct comparison 
with modern temperature gradient is thus made possible. Finally the lack of 
cirques on west and southwest slopes is cited as evidence that prevailing wind was 
essentially like that of today. 


METASOMATISM OF SHALE TO IGNEOUS-APPEARING ROCK 


BY G. E. GOODSPEED, RICHARD E. FULLER, AND HOWARD A. COOMBS 


During the summer of 1938, a cut in the western extension of the Mount Rainier 
highway from the southern entrance of the Park at Ohanapecosh disclosed a transition 
in the metasomatism of a shale. The rock belongs to a series of coal-bearing sedi- 
ments which are exposed along the road for over 3 miles and which presumably 
represent the Puget series of the Eocene. The shale is a dark reddish-brown homo- 
geneous rock with fine jointing and occurs here both in normal beds and as rounded, 
angular, or irregular blocks ranging from a fraction of an inch to 10 feet or more in 
diameter, enclosed in a light-gray rock containing megascopie plagioclase and quartz. 
Although the contact is locally sharp, it more commonly shows in less than an inch 
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a gradation from the unaltered shale to a rock which by itself would be called a 
porphyritic dacite and would be classed with the Keechelus volcanic series. This 
transitional facies is marked by the development of feldspathic porphyroblasts in the 
shale and by the change of the rock to a pale-greenish shade owing to disseminated 
chlorite. The igneous-appearing rock at the contact shows no sign of chilling, while 
the groundmass locally appears to be indistinguishable from the shale. Some blocks 
of the shale exhibit fine vein-like extensions of the igneous-appearing rock with a 
coarseness of grain which denotes a crystalloblastic origin. The size and shape of the 
blocks of the fragile shale preclude a pyroclastic origin and give additional evidence 
of a metasomatic replacement, in which relics of the shale survive in various stages 
of transformation. 
GLACIAL GEOLOGY OF BOULDER MOUNTAIN, UTAH 


BY L. M. GOULD 


Boulder Mountain is the easternmost part of Aquarius Plateau. Physiographically 
it is virtually an independent plateau with an area of about 70 square miles and an 
altitude which approximates 11,000 feet. The remainder of Aquarius Plateau lies 
1000 feet lower and is set off from Boulder Mountain by the westward-facing scarp 
of the latter. The plateau top is covered with a succession of lava flows from which 
great landslides have descended to cover the plateau flanks on all sides. 

The nearly flat surface of Boulder Mountain is largely covered with a maze of 
small lakes interspersed with broad shallow depressions or “meadows”. Most of the 
lakes occupy glacially scoured rock basins, none of which exceeds a quarter of a mile 
in length. Striae and grooves are abundant and even fresh-looking glacial polish was 
seen in a few places. During Pleistocene time the plateau top was covered with an 
ice cap which grew so large that it spilled over the rim on all sides. Avalanche ice 
and reconstructed glaciers, as well as sizable ice tongues or outlet glaciers, must have 
been common. Most of the overflow was stopped when it reached the first sizable 
landslides below the rim. As a result there are numerous lakes under the rim which 
are clearly the result of the combination of landslide dams modified by glacial action. 
A few ice tongues were strong enough to plough their way through the landslides 
and leave behind broad, very shallow U-shaped valleys which are now occupied in 
places by valley morainal lakes. No undoubted glacial deposits were found below 
8950 feet. 

ICE AGES OR POLAR GLACIATION 


BY A. W. GRABAU 


The question is raised as to whether the evidences of former glacial periods should 
be interpreted as successive ice ages, due to general refrigerations, or as remnants of 
former polar locations. 

A map showing ten successive positions of the South Pole due to drifting of the 
land-blocks in the Paleozoic will be presented in the finished paper. This will be 
referred to for convenience as migration of the Pole, though it is really shifting of 
the land-blocks, while the position of the earth-axis is assumed to be stationary. 

It will be shown that all the known Paleozoic glaciations fall successively, each 
within the 20-degree radius of one of these ice-centers. Specific features and illus- 
trative cases will be discussed. 

Glaciation is believed to fall in the Pulsation periods, for only then is water for 
evaporation available in the geosynclines. When these waters retreat, in the Inter- 
pulsation Period owing to falling sea level, an Inter-Glacial Period or at least one 
of waning ice-sheets results. 
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The glacial center finally moved to Antarctica where it rested during Permian and 
perhaps Triassic time. After that the northward drift of the land and the separation 
into continents began, while Antarctica with the South Pole remained behind. 

The bearing of these theories on Pleistocene glaciation will be briefly considered. 


CONVECTION CURRENTS AND MOUNTAIN BUILDING 
BY DAVID GRIGGS * 


A model has been built which illustrates the way in which convection currents in 
the earth’s sub-crust may be instrumental in the development of continents, geosyn- 
clines, and mountain ranges. The apparatus shows the formation of folds and nappes. 
By varying the velocity of the currents, it is possible to reproduce the major struc- 
tures of many of the great mountain systems. Various types of gravity anomalies 
may be inferred from these structures, and the consequence of return to isostatic 
equilibrium can be demonstrated. 


ARLINGTON UNCONFORMITY 
BY C. J. HARES 


The normal stratigraphic section along the eastern foothills of the Medicine Bow 
Mountains, Wyoming, is absent because an unconformity cuts out 12,000 feet of 
beds, rather than that these beds are hidden by an overthrust fault as interpreted 
by former writers. It involves much older formations than the 20,000-foot uncon- 
formity beneath the “Upper Laramie” discovered in 1906 by Veatch in Carbon Basin. 

The unconformity at the base of the Hanna (Eocene) formation, at the north 
end of the Bows, cuts into the Basement complex and ascends across formations 
to the Lewis shale (Cretaceous) at the south end. 

The basal conglomerate, containing many quarizite, limestone, and crystalline 
boulders over 3 feet in size, forms a prominent wooded strike ridge along the foot- 
hills. The conglomerate dips normally 45 degrees eastward under the Laramie 
Plains. S..aificant mountainward remnants with some boulders over 12 feet in 
diameter, covering the highest divides except Snowy Range, the small central massif 
of the Bows, give an even greater areal extent for this unconformity. 

Well-striated boulders beyond and higher than the Wisconsin terminal moraine 
occur 3 miles south of the Snowy Range, and, being on the highest divide, preclude 
Wisconsin age. More study of these is necessary to determine their age. 

Coarse deposits occur 30 miles south of Snowy Range Cap Independence Moun- 
tain, North Park, Colorado, altitude 9600 feet, the most southeasterly peak of the 
Sierra Madras. Similar deposits should occur on the Front Range, Colorado. 

This important unconformity with its abundantly preserved attendant data indi- 
cates quite a different geologic history than previously assigned the Medicine Bow 
Mountains. It may bear significantly on the Cretaceous-Tertiary boundary. 


LOAD METAMORPHISM OF COA Lt 
BY E. T. HECK t 


In southern West Virginia the per cent of fixed carbon in the Sewell coal increases 
from east to west—i.e., away from the structural front. Other seams below the Sewell 
show similar variations in carbon content. The carbon ratio of the Sewell coal shows 
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a progressive change from 71 in Greenbrier County to 81 in southwestern Fayette 
County, a distance of 40 miles. It is proved that the coal in Greenbrier County has 
suffered greater structural distortion than that in Fayette County. Relief of stress by 
overthrusting is considered and rejected. 

A study of the stratigraphy and geologic history of the area explains this variation 
in carbon ratio. The strata deposited above the Sewell bed in southwestern Fayette 
County were at least 1000 feet thicker than those deposited above the same bed in 
Greenbrier County. It is clearly a case of regional metamorphism of coal induced by 
variation in the depth of burial. 

Other examples of load metamorphism of coal are pointed out, and it is concluded 
that all major regional variations of the carbon ratio of the individual coal seams in 
West Virginia can be accounted for by variations in the load factor. 

A comprehensive study of the literature dealing with the carbonization of coal in 
nature fails to reveal a single example that refutes the theory that depth of burial, 
with all its implications, is the chief factor in the metamorphism of coal, at least up 
to the rank of semi-anthracite. 


GRAVITY ANOMALIES AND STRUCTURE OF THE WEST INDIAN ISLAND ARCS 
BY HARRY HAMMOND HESS * 


Vening Meinesz’s discovery of huge negative anomalies in the vicinity of island 
ares is probably the most important contribution to knowledge of the nature of moun- 
tain building made in this country. 

A belt of strong negative anomalies is now known to extend from the east end of 
Cuba north of Haiti and Puerto Rico, around the outside of the Lesser Antillean are, 
crossing Barbados and Trinidad, and hence westward north of the South American 
coast as far as the coast of Colombia where the structures probably bend southward 
to follow the Central Cordillera. This belt is interpreted as caused by the down- 
buckling of the upper 25 kilometers of the earth’s crust. The belt may lie over a deep 
(the topographic expression of the downbuckle) or over a ridge flanked by deep 
troughs (the buckle with incompetent material squeezed up from its core). 

A close correlation in space and time between the postulated buckling of the crust 
and the intrusion of serpentinized peridotites is noted. Thrusting and overturning 
outward on both sides from the axis of the negative anomaly belt are observed and 
suggest alpine structure. Volcanic activity, seismic activity, faulting, and heavy sedi- 
mentation all show a direct relation to the anomaly belt. 

Suess’ conclusion that the Lesser Antilles are the structural connection between the 
Greater Antillean ranges and the Venezuelan Andes seems correct. 


ALGONKIAN OF THE GRAND CANYON, ARIZONA 


BY NORMAN E. A. HINDS 


The Arizonan revolution closed Archean time in the Grand Canyon region. The 
Ep-Archean peneplain is exceedingly even. The first sedimentation appears to have 
been Algonkian. In central Arizona and southwestern Colorado the Mazatzal quartzite 
was deposited, later folded, and intruded by granite during the pre-Algonkian Mazatzal 
orogeny. Two Algonkian basins were developed, one north and the other south of 
the active Mazatzal Mountains. The northern basin received the Grand Canyon 
series, more than 12,000 feet thick, and the southern basin received the Apache group, 
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about 1000 feet thick and probably equivalent to the lower part of the Grand Canyon 
series. 

The Grand Canyon series is now divided into three disconformable groups—the 
Unkar, Nankoweap (new), and Chuar. During early Unkar time its basin was below 
sea level, and limestones and clastics were deposited. Emergence followed, and the 
Upper Unkar floodplain sediments accumulated. The last events of Unkar time were 
the intrusion of diabasic sills and dikes and the eruption of about 1000 feet of basaltic 
flows. After erosion the lava plateau sank below sea level, and 400 feet of sandstone 
and shale (the new Nankoweap group) was deposited. Nankoweap time was closed 
by emergence and some erosion. The final Algonkian submergence followed, and 
more than 5000 feet of Chuar shale, sandstone, and limestone was deposited. 

The Algonkian in the Grand Canyon region closed with moderate folding, the 
development of great faults and a basin-range landscape, and finally extensive erosion. 
The Algonkian sediments were stripped from the high-standing blocks, and the Ep- 
Algonkian peneplain truncated both Archean and Algonkian strata. Submergence 
below sea level occurred in late Lower Cambrian or early Middle Cambrian. 

An imprint of a jellyfish was found in the Nankoweap sandstone. Other evidences 
of life in the Algonkian of the Grand Canyon are the structures in Unkar and Chuar 
limestones, commonly called algal, and carbonaceous shales and fetid limestones 
in the Chuar. 

The Algonkian of southeastern California is probably equivalent to the Grand 
Canyon series. 

HELICTITES IN VIRGINIA 


BY R. J. HOLDEN 


Helictites are crystal aggregates whose various characteristics make them stand 
in sharp contrast with other cave deposits. They occur in many Virginia caverns but 
have been specially noted in Shenandoah, Luray, and Massanutten. They have been 
found recently in striking profusion in small, lower, closed, or nearly closed rooms in 
the Skyline cavern. Stalactites and most other calcium carbonate cave deposits are 
calcite which is usually without visible crystal form. Deposition takes place in suc- 
cessive layers on exteriors. Helictites are aragonite and not calcite. They are com- 
posed wholly of crystals which are commonly in the form of slender needles. Always 
there is the same fundamental pattern of divergent to radiating crystals. Diverging 
at low angles, they form columns which are either single or branching at various 
angles; at larger angles they give fan-shaped and conical structures; radiating they 
yield tufts and hemispherical forms. In the rooms mentioned the dolomite walls are 
coated with a thin layer of calcite in rhombohedral crystals. The helictites protrude 
through the calcite and more or less cover it in a bizarre array. They are later than 
the calcite coat and in small patches have disrupted and curved it outward, emerging 
from behind in curved and twisted columns. There is evidence that the helictite 
aggregates are formed at the rock surface and the structure pushed out into the cave 
by the successive addition of crystals at the base of the column. 


TILL FABRIC 
BY CHAUNCEY D. HOLMES * 
The axial orientation of stones imbedded in the till in the region south of Syracuse, 


New York, shows preferred axial positions with respect to the direction of glacier 
movement as recorded by independent evidence. When the orientation of the long 
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axes are plotted as a conventional “rose” diagram, the simplest orientation patterns 
show two dominant lines, one parallel to the direction of ice flow and the other trans- 
verse to it, the latter line being nearly always the shorter. In compound patterns, one 
or more of the intermediate diagonal lines may approximate the main line in length. 

Both shape and degree of roundness of stones are important factors in determining 
the preference or susceptibility of stones to the parallel or transverse positions, but 
the relative frequency in these two positions appears to be governed more by the 
behavior of the glacier in the particular environment of deposition than by any 
qualities inherent in the stones themselves. 

Certain combinations of shape and roundness have been found to be good statistical 
indices in the recognition of the parallel and transverse lines and serve to distinguish 
between dominantly parallel and dominantly transverse patterns. This affords new 
criteria as to the direction of glacier flow and the mode of glacial transportation and 
deposition. 

OHIO ABANDONED POSTGLACIAL LAKE BEDS 


BY GEORGE D. HUBBARD 


New studies during the past summer have thrown much new light on 10 of these 
postglacial lakes now mostly extinct. There remain 6 or 8 more to be studied next 
summer. 

Lake beds occur in a belt across Ohio from Indiana to Pennsylvania a little north 
of the middle of the State. 

Two lakes had actual ice margins during a portion of their early histories. Three 
show tilting of the bed after most of the water withdrew. Several were too narrow 
or short in the direction of tilt—NE-SW—to show appreciable tilt. The longest lake 
studied is about 18 miles N-S and shows about 80 feet of tilt, upward in the NE. 
Such tilt carries postglacial uplift about 50 miles south of the Maumee beach of the 
Great Lakes area which is the most southerly tilted beach previously recognized. 

Mapping was done largely by silts and other deposits because shoreline features 
are very attenuated at present. 


ORIGIN OF PEDIMENTS AROUND THE HENRY MOUNTAINS, UTAH 
BY CHARLES B. HUNT * 


The significance of pediments around desert mountains was recognized first by 
G. K. Gilbert, in the Henry Mountains, on discovery of clear examples of lateral 
corrasion by several important streams. 

Recent mapping of the adjacent desert region reveals that tributaries of the master 
streams draining from the mountains have cut their courses lower than those of the 
master streams. Thus, the tributaries have lower gradients than those of the master 
streams. The obvious explanation of this is that the desert stream courses are rela- 
tively boulder-free, whereas the master stream courses are choked with boulders. 
There are examples of (1) master streams perched on gravel-covered pediments around 
which the tributaries have cut their lower gravel-free pediments; (2) master streams 
about to be diverted by headward extension of the lower pediments; and (3) very 
recent diversion. It is thus concluded that the pediments of the region were eroded 
by desert streams rather than by lateral corrasion of the master streams. 

Fanglomerate is deposited on the lower pediment by the master stream diverted 
onto it. Aggradation, subsequent to pediment-cutting, preserves the pediment. The 
newly aggraded surface joins the old by steep grade at its upper end and by more 
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gentle grade at its lower end. Small surfaces along a stream course approach a com- 
mon level. 

During pediment cutting the normal dendritic pattern of the desert drainage is 
gradually transformed to a nearly parallel braided pattern. Whether the erosion in 
such cutting consists of lateral corrasion by rills or a sheetflood action is not known. 


PALEOGEOGRAPHIC STUDIES IN NORTHEASTERN SONORA 


BY RALPH W. IMLAY* 


Thick sections of Upper Paleozoic limestones and Cretaceous near-shore deposits 
in northeastern Sonora indicate the extent of the former seaways. Near El Tigre 
the Upper Paleozoic limestones attain a thickness of at least 5500 feet. Similar thick 
sections of limestones near Pilares de Teras, in the Sierra Huchita Hueca, and in the 
Sierra de los Ajos show the existence of a fairly broad sea during Upper Paleozoic 
times. The character of the limestones indicates that the landmasses were either dis- 
tant or extremely low. 

Near El Tigre the Paleozoic limestones are overlain by several thousand feet of 
near-shore deposits which represent the Trinity division of the Cretaceous. Significant 
fossils include Parahoplites, Acanthoplites, Beudanticeras, and Exogyra quitmanensis 
Cragin. South of the Bisbee district in the Sierra de los Ajos the basal Cretaceous 
conglomerates attain a thickness of at least 5000 feet. Similar coarse clastic deposits 
have been traced as far west as Santa Cruz. The shore line of the Trinity sea appar- 
ently extended northward from the region of Sahuaripa to the region of El Tigre 
and then turned westward. The evidence suggests that the Jurassic and Lower 
Cretaceous seas older than Trinity time were restricted to the central part of the 
Mexican Geosyncline. 


GLACIATION AT THE HEADWATERS OF THE LARAMIE, CACHE LA POUDRE, 
AND COLORADO RIVERS, COLORADO 


BY RONALD L. IVES ¢ 


Field investigations of the interconnecting glaciated valleys at the headwaters of the 
Laramie, Cache La Poudre, and Colorado rivers, rising at the contact of the Front, 
Medicine Bow, and Never-Summer ranges in north-central Colorado, disclose four 
discrete glacial stages and some rather nebulous evidence of additional, older glaciation. 

Ice-cap conditions in the region of La Poudre Pass during the oldest glaciation, 
definitely contemporancous with the Stillwater stage of the Monarch Valley, are sug- 
gested. During the three later stages, the ice field degenerated to a three-armed 
transection glacier, with numerous small tributaries. 

A secondary area of ice deposition developed near Milner Pass during the later 
stages. Ice tongues from it became tributary to the Cache La Poudre arm of the 
main glacier in the northeast and to the Phantom Valley arm in the southwest. This 
glacial “cutoff” topographically isolated Specimen Mountain from both the Front 
and Never-Summer ranges. 

Subdivisions of the two most recent stages were noted. While the major stages are 
contemporaneous with those of the Monarch Valley, no substage correlations between 
the two areas are indicated. During the most recent major stage, ice tongues in 
many of the tributary valleys were too short to connect with the main valley glaciers. 
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A direct relation was noted between depth of ice erosion during the two later stages 
and intensity of present-day precipitation. 


CALCAREOUS ALGAE FROM THE CARLSBAD LIMESTONE OF NEW MEXICO 


BY J. HARLAN JOHNSON 


Preliminary studies of specimens of the Permian Carlsbad limestone collected near 
Whites’ City close to the Carlsbad Cavern disclose the presence of calcareous algae 
belonging to the genera Girvanella, Mizzia, and Solenopora. 

The writer believes these have not been hitherto reported in the American literature 
on the Permian. (Geological Society project.) 


NUBECULARIA AND GIRVANELLA FROM THE PENNSYLVANIAN NEAR 
LA LUZ, NEW MEXICO 


BY J. HARLAN JOHNSON 


In May 1936 and again in 1937 parties of students from the Colorado School of 
Mines collected some limestone nodules from the upper Pennsylvanian near La Luz, 
New Mexico, consisting of large gastropods and pelecypods enveloped by calcareous 
growths of the “reef building” Foraminifera of the genus Nubecularia associated 
with algae of the genus Girvanella. The calcareous coatings around the mollusks 
range from about one eighth of an inch to over an inch in thickness. The Girvanella 
are of two species with tubes of distinctly different diameters. The writer believes 
that Nubecularia has not been recorded previously from the Pennsylvanian rocks of 
the United States. 


PARALLELOPORA GOLDFUSSI FROM THE DEVONIAN NEAR CODY, WYOMING 


BY J. HARLAN JOHNSON AND J. PFENDER 


Specimens collected from the Devonian beds about 20 miles northeast of Cody, 
Wyoming, were brought to Johnson for study as algal limestones. They proved to 
be fine-textured stromatoporoids which Pfender recognized as the well-known 
European form Parallelopora Goldfussi Bargatsky. 

This form is quite common in the middle Devonian of the Paffrath district of 
Germany, the Ardennes region of France, and is known from Devonshire, England, 
but has not been previously recorded from North America. It is interesting that it 
should make its first recognized American appearance in northwestern Wyoming. 


STRUCTURAL FEATURES OF THE NORTHERN PART OF THE TACONIC AREA 


BY EDWARD P. KAISER * 


An area northwest of Rutland, Vermont, within the “Taconic Thrust”, is being 
studied. The rocks of probable Cambrian age form a series very similar to the Lower 
Cambrian series of Poultney, Vermont, and of the Saratoga, New York, district, and 
are so correlated. 

The structure within this area, as indicated by several key horizons and by the areal 
pattern, is much simpler than previously described. 

The relations of this terrane of Cambrian clastic sediments to the limestone-marble 
belt, which surrounds it on three sides, have been explained in several ways. Evidence 
from the present study, especially the occurrence of fensters of marble within the 
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Taconic area, favors the theory of long-range thrusting. Field evidence indicates that 
later metamorphism has masked fault structures. 


MOHAWKIAN OSTRACODA: THE LOWER TRENTON DECORAH FAUNA 
BY G. MARSHALL KAY 


The Decorah formation, composed principally of shales in the northern part of 
the outcrop in Iowa, Minnesota, and western Wisconsin, has a total fauna of about 
80 species, 70 of which have been found in recently collected faunules; there are rep- 
resentatives of 39 genera, many of which have been based on Decorah species. The 
understanding of several of the described genera has been revised, and a number of 
new genera have been discovered. Dimorphism is represented in 12 of the genera, 
evidenced by marginal and intramarginal structures present in some forms and lack- 
ing in otherwise similar specimens. The two members of the formation—the Gutten- 
berg and the Ion—have distinctive species, but most of the Decorah forms are repre- 
sented in both members. Faunas from the northern and southern parts of the belt 
of outcrop differ widely. The close similarity of the Decorah fauna to that in the 
lower Trenton of Ontario has been discussed; no other faunas of comparable size 
and age have been described from North America. The faunas of the Uhaku and 
Kukruse formations of the Baltic region are probably of similar age but have no 
identical species and few that are similar to those in the Decorah; the interior North 
American and northern European faunas are of distinct faunal provinces. 


GEOCHRONOLOGY BY THE HELIUM METHOD 
II. RESULTS WITH DIFFERENT ROCK TYPES 


BY N. B. KEEVIL * 


The previous paper showed that the effect of several variables on the helium oge 
of granites was small. Accordingly, determinations have been made on several 
granites, granodiorites, and basic rocks. While the sequence in time is found to cor- 
respond with that of the geologic column, granitic type rocks appear to give lower 
ages than contemporaneous basic rocks. Descriptions and geologic notes are given 
for the specimens, and in many cases the range of geological error may account for 
the discrepancy. However, the age results of rocks from 25 different localities are 
divided into two tables representing tentative helium time scales, and it is suggested 
that the helium method may be a valuable tool to geology, even if supplying only an 
index of the age. The question of whether or not absolute helium ages can be 
obtained is still undecided. 


CARBONIFEROUS STRATIGRAPHY ON GENETIC BASIS 


BY CHARLES KEYES 


That the Carboniferous stratigraphy of the Continental Interior should be capable 
of more or less direct diastrophic analysis is not so unexpected a matter as is the 
circumstance that the taxonomic results of comparison between biotic and genetic 
methods of geological classification should be indicated to be so widely variant, 
passing speedily from assumed simplicity to great complexity, in general stratigraphic 
consideration. Eight complete sedimental cycles emerge, of the major order of 
Cretaceous or Devonian periodic depositions. Accordingly, the Carboniferous period, 
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as now generally recognized, is really eight times as long as usually supposed, or as 
either of the periods mentioned, instead of being equivalent in span to either. The 
ten standard stages of development from the initial peneplanation level to that of 
the next cycle, as recently deciphered and formulated with respect to the Cretaceous 
section, are all more or less clearly recognizable in each of the Carboniferous sedi- 
mental cycles. A reconditioning of our periodic scheme appears in the offing. 

Three deductions of particular import, among others, are resolved: (1) Enormous 
extension of the length of geologic time; (2) establishment of quantitative criteria 
for the measurement of geologic time, in place of the old, eighteenth century standard 
of many life re-creations; and, (3) confirmation of a subequality of time-span of 
divisions of same taxonomic rank. 


SUBSIDENCE BY THRUSTING 


BY ANDREW C. LAWSON 


If a low-angle thrust cuts through the sial into the dunite of the sima the region 
affected is uplifted by thickening of the crust. This concentration of mass puts the 
crust locally out of isostatic balance. The measure of uplift may be the same through- 
out a section transverse to the strike, but the excess load will vary with the density 
of the rocks intersected on the dip. If recovery of equilibrium be slow and the up- 
lifted surface be subjected to erosion, there will be notable hypsometric contrasts in 
the profile of the region, when it again attains isostatic balance. The surface in that 
part of the section where the thickening is wholly in the dunite will be much lower 
than in the part where the thickening is wholly in the sial. It is suggested that in this 
principle may be found the explanation of certain large structural valleys like that 
of the Great Valley of California. 


CORRELATION OF LATE-GLACIAL HINGE LINES IN CONNECTICUT VALLEY 
AND GREAT LAKES REGION 


BY RICHARD J. LOUGEE * 


The tilted water planes of extinct Glacial Lakes Hitchcock and Upham in the 
Connecticut Valley are parallel and rise in elevation northward. At Bellows Falls, 
Vermont, and again at Hanover, New Hampshire, the tilt rate abruptly increases 
to the north several feet per mile in the manner of a hinge. The area north of 
Bellows Falls appears to record a later crustal movement than the tilting which has 
affected the region south of Bellows Falls. By combining measurements of the Con- 
necticut Valley and Champlain Valley water planes it is possible to measure the 
total amount of this late crustal movement between Bellows Falls and Covey Hill, 
Quebec, near the International Boundary. The amount is the same as that measured 
along the water planes of the St. Lawrence Valley and Ontario Basin from Covey Hill 
to the well-established Algonquin Hinge Line in the Erie Basin. This equality of 
measurement in two directions from Covey Hill seems to show that the Algonquin 
Hinge Line of the Great Lakes region extends into New England and across the Con- 
necticut Valley at Bellows Falls and may be interpreted as the boundary line around 
a great domed area of uplift. Inasmuch as the uplift recorded on the Hanover 
Hinge is a part of the total uplift measured from Bellows Falls to Covey Hill, it is 
believed that the two hinges in the Connecticut Valley are the equivalent of the single 
Algonquin Hinge in the Great Lakes region. 
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WEATHERING OF THE JERSEYAN TILL 
BY PAUL MAC CLINTOCK 


Since limestone pebbles are virtually absent because of great age, and soil profiles 
are not diagnostic because slope wash on rolling country has cut off the upper hori- 
zons, the amount of weathering which the gneissic pebbles have suffered is used as a 
criterion of age. The pebbles, dug from undisturbed till 4 feet below the surface, were 
classified with respect to the amount of weathering each one exhibits. To give a 
starting point for post-Jerseyan weathering a similar analysis was made of the gneissic 
pebbles in fresh Wisconsin till a few miles to the north. By comparing the curves 
plotted from these data it appears that there are two and possibly three divisions 
within the drift sheet. In a northern belt of drift stones are approximately 20 per 
cent more weathered than those in the Wisconsin, whereas in a southern belt they 
are 30 per cent more weathered. The possible third type, 12 per cent more weathered, 
occurs near Budd Lake and also in the bottom of Raritan Valley farther south. 


STRUCTURAL MEASUREMENTS IN PARALLEL FOLDS 
BY J. B. MERTIE, JR. 


Folded rocks having bedding surfaces which are approximately parallel are said 
to lie in parallel folds. Utilizing the principle of evolutes and involutes, the author 
offers a more precise definition of parallel folds and points out inconsistencies in 
earlier concepts. With the idea of classifying and subsequently of deducing the 
mechanics of parallel folding, methods are presented for obtaining the differential 
equations of the families of involutes, which in certain cross sections represent strati- 
graphic surfaces, and for obtaining the equations of the corresponding evolutes. Geo- 
metric methods are also given. These equations and geometric constructions may be 
deduced either from assumed structural postulates or from actual field data. 

Another part of the paper deals with the application of mean trigonometric func- 
tions to the measurement of thickness of strata, depth and distance to a stratum, 
and other stratigraphic dimensions. This topic is considered under two headings: 
(1) Where such measurements can be made from data collected at several stations 
along a line of traverse, and (2) where they must be made from data obtained at 
two stations only. In the first case, no assumption is made regarding the curvature 
of the strata, but instead the mean values of the required functions are derived by 
mechanical integration. In the second case, the usual assumption of circular curva- 
ture is made, and the necessary functions are obtained by the use of definite integrals. 
Tables of the logarithms of these mean functions, with an increment of five degrees for 
the argument, are also presented. 


SURVIVAL OF SEDIMENTARY CHARACTERS IN METAMORPHIC ROCKS 
BY BERLEN C. MONEYMAKER * 


Certain sedimentary characters survive in rocks which have undergone intense 
metamorphism and severe deformation, as attested by disclosures in excavations in 
the Great Smoky formation at Hiwassee Dam, Cherokee County, North Carolina. 
The formation consists mainly of gneiss and mica schist derived from a thick suc- 
cession of massively bedded, coarse to fine arenaceous sediments and interstratified 
layers of fine argillaceous sediments. Numerous sedimentary characters are unusually 
well displayed. Fine-grained to conglomeratic biotite gneiss makes up more than 
two-thirds of the formation, and mica schist, much of which is garnetiferous and 
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staurolitic, predominates in the remaining portion. All the rocks are strikingly 
schistose, and many of the varieties of mica schist are characterized by regularly 
“crinkled” schistosity. 

The gneiss and schist layers correspond to the sedimentary beds. Although con- 
tiguous beds are “welded,” the bedding planes are marked by abrupt changes in 
composition and texture. In many instances, contiguous beds are separated by local 
unconformities. Many of the gneiss layers, especially those derived from medium- 
grained sands, exhibit well-preserved and little-distorted cross-bedding. The normal 
gradation of materials within layers from coarse at the bottom to fine at the top is to 
be found in nearly all the rocks except the muscovite schists. 

The occurrence of original sedimentary characters in slightly altered sedimentary 
rocks is not remarkable, but the survival of such characters in metamorphic rocks 
of sufficiently high rank to contain garnet and staurolite is not common in the Southern 
Appalachians. 


UPPER TRIASSIC PELECYPOD GENUS MONOTIS 


BY SIEMON WM. MULLER 


Monotis salinaria (Schlotheim), the type of the genus Monotis (Bronn, 1830), is a 
common pelecypod in the Upper Triassic (Noric) of the Alps. The genus Monoiis 
was recognized in western North America in 1864 by Gabb who described the new 
species M. subcircularis from the Upper Triassic beds of California and Nevada. In 
1888 Teller described several similar forms from Siberia but because they had a 
distinct byssal auricle and a notch he referred them to the genus Pseudomonotis. 
Teller expressed the belief that the North American species subcircularis is probably 
also a Pseudomonotis. This supposition was accepted by most workers, and the name 
Pseudomonotis subcircularis (Gabb) soon gained wide usage. 

In 1935 Marwick pointed out that Pseudomonotis speluncaria (from the Permian of 
Europe) designated by Stoliczka as the genotype of Pseudomonotis is generically 
distinct from the Triassic pelecypods referred to this genus by Teller, Zittel, and 
others. For these Triassic forms Marwick proposed the new generic name Entomo- 
notis with E. richmondiana (Zittel) as the type. The chief morphologic characters 
which distinguish Marwick’s new genus Entomonotis from the contemporary Monotis 
of the Mediterranean are the byssal auricle and the byssal notch present exclusively 
in the former. At the type area of Monotis salinaria (Salzkammergut, Austria) the 
writer found many specimens of this species having the byssal auricle and the notch. 
Therefore, there appears to be no justification for a generic separation of the Triassic 
cireum-Pacific forms previously included by various authors in Monotis, Pseudo- 
monotis, and Entomonotis from the Mediterranean Monotis, and the name E£nto- 
monotis is now placed in the synonymy under Monotis. This new discovery weakens 
considerably the general concept of a distinct “Pacific Boreal Province” during late 
Triassic time. (Geological Society project.) 

SHORELINE CHANGES IN RHODE ISLAND PRODUCED BY HURRICANE 
OF SEPTEMBER 21, 1938 


BY ROBERT L. NICHOLS AND LAWRENCE GOLDTHWAIT * 


On September 21, 1938, a hurricane struck New England. The Blue Hill Observa- 
tory near Boston recorded a wind velocity greater than 150 miles per hour. Great 
damage was done by this wind, but by far the greatest damage occurred because of 
the abnormal high tide, owing to the on-shore wind, whose maximum occurred at 
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the time of normal high tide. At Watch Hill, Westerly, Rhode Island, where the 
tidal range is only 5 feet, the storm tide was between 10 and 15 feet above the normal 
high tide, and the wind velocity was in excess of 100 miles per hour. 

On Napatree Beach, Westerly, Rhode Island, the storm waves destroyed the sea 
wall and a million dollars’ worth of property, swept the beach clear of its dunes, 
lowered it, extended it back into Little Narragansett Bay, and opened a gap 300 
feet wide in it. At the height of the storm the beach was probably covered by be- 
tween 5 and 10 feet of water. Sandy Point, adjoining Napatree Beach, was breached 
by two breaks, one 1600 feet long and the other 900 feet. A continuous beach nearly 
3 miles long was thus broken by the storm into three islands with more than half 
a mile of water between them. 

Other large breaks cut into Sandy Point in the past have been healed, and it seems 
safe to say that these new breaks will in time also be filled. The small tidal range 
of 5 feet makes the work of healing the breaks easier than if the range were greater. 


FISSURE ERUPTIONS NEAR BEND, OREGON 
BY ROBERT L. NICHOLS AND CHARLES E. STEARNS * 


A fissure eruption, near Bend, Oregon, of very recent date is marked by at least 
five basaltic flows, tremendous quantities of spatter, which forms long ridges and 
cones, and collapse features. The fissure strikes northwest, is about 20 miles long, lies 
entirely on the Newberry Crater quadrangle, and extends from a point north of 
Lava Butte on the Dalles California Highway southeast to Devils Horn which is 
about 4 miles south of East Lake. 

From Mokst Butte it can be traced fairly continuously to the fissure which Howel 
Williams has described on the north wall of East Lake. From this part of the fissure 
at least four flows were erupted, all of which ran into dense forests. Tree molds and 
casts are so common on these flows that a part of the area has been set aside for the 
public by the National Forest Service and is called the Lava Cast Forest. In many 
places the trees remained standing while the lava flowed around them; in other 
places the trees were knocked down by the lava and were rafted along so close to- 
gether as to remind one of a log jam in a river. These casts and molds are found 
both in aa and pahoehoe flows. 

Nothing in the Craters of the Moon appears any fresher or younger than certain 
parts of this fissure. Apparently not all the spatter and lava extruded is of the same 
age. The freshest and youngest material lies between Mokst Butte and East Lake. 


STRUCTURAL FEATURES OF DEATH VALLEY REGION 


BY L. F. NOBLE 


This paper records the outstanding structural features noted during the past 15 
years in mapping about 3500 square miles along the Death Valley trough from 
Boundary Canyon southward 125 miles to Soda Lake. Reconnaissance outside the 
area mapped indicates that the features are widespread and that they reveal a struc- 
tural province of surprising complexity and extent. 

In the region studied, large areas of pre-Cambrian rocks of Archean type are sur- 
rounded (1) by belts made up of pre-Cambrian and Paleozoic sediments in abnormal 
succession that are overlain sporadically by large blocks of the same materials; and 
(2) by belts or great lenses made up of smaller blocks of the early sediments mixed 


* Introduced by Kirk Bryan. 


i 
e 
i 
| 
| 
i 


ABSTRACTS 1895 


with similar blocks of Tertiary volcanic and sedimentary rocks. The relations of 
these rocks show that they were thrust over the Archean basement in late Miocene or 
post-Miocene time. The first group of belts and blocks is best described as “imbri- 
cate”; to the second, the name “chaos” is applied because no word better describes 
the disorder in which the blocks lie. At present these features are revealed along 
broad zones that extend generally northwest. 

Field work shows that these thrust plates are warped so that the Archean basement 
forms the central core of several domes and plunging anticlines that trend northwest. 
The attitude of the latest Tertiary flows and sediments indicates warping and faulting 
which determine the outstanding present surface forms of which Death Valley is 
dominant. Although modified by later marginal faulting, Death Valley is largely an 
extensive downwarp. (Geological Society project.) 


PLIOCENE MAMMALIAN FAUNA FROM THE REPUBLIC OF HONDURAS 
BY EVERETT C. OLSON AND PAUL 0. MC GREW * 


A series of alternating beds of sand, clay, conglomerate, and volcanic ash form the 
floor of the Mejocote Valley in the Province of Gracias, Republic of Honduras. The 
beds which range from 0 to 1000 feet in thickness represent river-laid deposits of lower 
Pliocene age. It is proposed to consider these beds as constituting the Gracias forma- 
tion, with a type section at Rancho Lobo, 3 miles north of the town of Gracias. The 
Mejocote Valley is pre-Pliocene in origin, probably appearing first in the Miocene. 
Subsequent to the deposition of the Gracias formation, uplift and warping have 
occurred. 

From this formation a mammalian fauna comprising the following genera was 
collected: Canid indet., Amphicyon sp., Plioctppus sp., Neohipparion sp., Teleoceras 
sp., Serridentinus sp., and Cervid indet. 

The fauna as a whole does not differ greatly from a typical lower Pliocene assem- 
blage from the Great Plains. The horses, however, are extremely smali, apparently 
dwarfed by unfavorable climatic conditions. The fauna obtained is entirely of north- 
ern origin, there being no indication whatsoever of any South American mammals. 

Associated with the mammalian fauna is a considerable flora. This has not been 
studied as yet, and except for palms its constituents are unknown. When studied, 
the flora should supply much information concerning the environment in which the 
mammals lived. (Geological Society project.) 


CHAROPHYTA AND OSTRACODA FROM THE ROCKY MOUNTAIN 
CONTINENTAL FORMATIONS 


BY RAYMOND E. PECK + 


Charophyte odgonia and ostracods are abundant in calcareous zones of many of 
the fresh-water formations of the Rocky Mountain region. For the most part species 
are easily recognized, are widely distributed horizontally, appear to be closely re- 
stricted vertically, and are common enough to be valuable as stratigraphic markers. 

Odgonia and ostracods are common throughout the Morrison, and several species 
occur in such widely separated areas as the Black Hills, southern Colorado, western 
Colorado, and central Montana. The same species occur in the Summerville and 
Morrison formations of western Colorado and eastern Utah. The Morrison and 
Kootenai formations of Montana have distinctive assemblages that differ markedly 
from each other. . 
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Atopochara trivolvis Peck, previously recorded only from Lower Cretaceous in 
Texas and Oklahoma, is abundant adjacent to limestone members of the Gannett 
group and Wayan formations (Cretaceous) of eastern Idaho and in the Kootenai of 
central Montana. The Wayan formation has also yielded a new genus of Atopo- 
characeae, a new species of Atopochara, several distinctive ostracods, and two unde- 
scribed species of Chara common in the Bear River formation of southeastern 
Wyoming. 

Numerous species of Chara and ostracods have been collected from the Wasatch, 
especially near the Flagstaff member of central Utah. Nodose odgonia, previously 
recorded in North America only from the Evanston formation in northern Lincoln 
County, Wyoming, are abundant in the Wasatch. In Europe the nodose odgonia are 
restricted to lowest Tertiary. (Geological Society project.) 


MICROFAUNA OF SUBMARINE CORES FROM THE CONTINENTAL SLOPE 
BY FRED B PHLEGER, JR.* 


The foraminiferal microfauna in more than 35 submarine cores, collected by H. C. 
Stetson from the continental slope of the western North Atlantic, has been examined 
to determine the areal and vertical extent of present and previous assemblages. Below 
the present fauna recorded at the top of the cores there is a widely distributed fauna 
of arctic to subarctic aspect not now living in this area. This fauna is similar to one 
reported from the Georges Bank canyons and from a core in the present area and 
identified by Cushman as Pleistocene. This Pleistocene fauna is probably of Wiscon- 
sin age, since it lies directly beneath the present fauna. At the west edge of the basin 
of the North Atlantic Ocean, beyond the continental slope, two arctic faunas have 
been recognized below the Recent assemblage and are separated by a pelagic warm- 
water fauna typical of the present Gulf Stream region. This may represent two 
Pleistocene stages or may indicate separate maxima of the last stage. 

In a few cores a microfauna is recorded a short distance below the surface in which 
pelagic types characteristic of warm surface-water are considerably more abundant 
than in the present-day assemblage. This suggests a possibility of postglacial shift 
in warm surface-water areas. 

New information concerning distribution suggests that certain supposed benthonic 
Foraminifera are in reality pelagic and that water temperature may be the most 
important regulating factor in their occurrence. 


INTRUSIVE BRECCIA ALONG EAST MARGIN OF ABSAROKA MOUNTAINS, WYOMING 
BY WILLIAM G. PIERCE t 


As port of a detailed geologic examination of the west side of the Big Horn Basin 
and adjoining Absaroka Mountains the contact between the sedimentary and volcanic 
rocks was observed and mapped in detail. The “early basic breccia,” the oldest vol- 
canic rock on the east margin of the Absaroka Mountains, has long been considered 
as essentially extrusive material. In recent studies a number of localities have been 
noted where volcanic breccia is intrusive into the adjoining or underlying sedimentary 
strata, which consist of Tertiary beds or of overlying Paleozoic rocks belonging to the 
Heart Mountain overthrust sheet. The intrusive nature of the volcanic breccia is 
shown by numerous vertical contacts and by “dikes and offshoots” of breccia into 
the country rock. The breccia in the intrusive bodies is similar in appearance and 
composition to much of the surface accumulations of breccia. Contact metamorphism 
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is slight but is greater above than along the sides of the intrusives. Within areas 
of intrusive breccia there is the suggestion of later subsidence, but conclusive evidence 
is lacking. 

Recognition of parts of the breccia as intrusive will necessitate re-examination of 
the evidence for the statements that the pre-volcanic erosion surface was one of great 
relief. In some areas the postulated relief will be lessened considerably. Some pub- 
lished measurements of thickness were taken where the breccia is intrusive and con- 
sequently are excessive. The breccia can be observed as intrusive into both the Heart 
Mountain overthrust sheet and the sediments beneath and is therefore younger than 


the overthrust. 


GEOMORPHOLOGY OF THE VENTURA REGION, CALIFORNIA 
BY WILLIAM C. PUTNAM* 


In the Ventura region approximately 47,000 feet of Tertiary and Quaternary rocks 
are exposed and provide a nearly complete record of the later events in the geologic 
history of the Southern Coast Ranges. The Pleistocene history may be divided into 
four stages: (1) The deposition of 6000 feet of marine and terrestrial strata; (2) 
folding and faulting of all the formations in the area; (3) stream erosion which 
produced an erosion surface of late maturity (designated as the Rincon surface) ; 
and (4) intermittent regional uplift which started the present erosion cycle, now in 
late youth. Differential erosion has conspicuously controlled the topography. Active 
faulting and warping occur widely. The drainage diversion of the Upper Ojai Valley 
by Santa Paula Creek is a large-scale example of stream capture. 

Late Pleistocene uplift is recorded by terraces lining the Ventura River valley and 
by marine terraces bordering the Pacific Ocean. Both series of terraces are warped 
and both reach their maximum elevation where the underlying rocks are intensely 
deformed. Numerous vertebrate, bird, and plant remains are found on the lowest 
marine terrace at Carpinteria. They are late Pleistocene and accumulated partly in 
a tar-pit and partly in a stream deposit. (Geological Society project.) 


RECENT OFFSHORE SEDIMENTS FROM SOUTHERN CALIFORNIA 
BY ROGER REVELLE ¢ 


Off the coast of southern California a series of basins and troughs separated by 
shallower platforms and ridges extends for approximately 250 kilometers out to sea 
beyond the narrow coastal shelves. Mechanical and partial chemical analyses of 
several hundred deposit samples from this region, including many cores up to 60 
centimeters in length, illustrate the relative importance of bottom configuration, 
distance from shore, and depth in determining the characteristics of sediments. Core 
samples taken in basins usually consist primarily of clays of nearly uniform texture 
from top to bottom of the cores; samples from different parts of the same basin 
commonly exhibit little variation in texture. The sediments of the outer basins, far 
from land, are in general finer grained than those of the in-shore depressions. From 
a preliminary comparative study of detritus brought to the sea in suspension by 
southern California streams it is estimated that the rate of deposition in the basins 
is about .01 inch per year. On the saddles between banks and islands and on the 
broad deep ridges between basins deposition is believed to take place more slowly. 
The sediments of these areas are almost always sandy or silty, even at depths greater 
then 1000 meters, and they are further characterized by marked variability in texture, 
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both laterally and vertically. Other properties than texture, such as the contents of 
organic matter and of carbonates, are largely functions of bottom topography, though 
depth and distance from shore are important factors. (Geological Society project.) 


SEDIMENTATION IN MISSISSIPPI RIVER DELTA 
BY R. DANA RUSSELL* 


Sediments of the Mississippi River delta, though exceedingly variable in detail, 
may be broadly classified into several environmental types which are arranged in a 
characteristic pattern of distribution. This pattern consists of: (1) A framework of 
natural levees, with associated channel and crevasse deposits; (2) within this frame- 
work, deposits of the marshes, lakes, and bays; (3) an outer margin of beach and bar 
deposits; and (4) deposits in the open Gulf beyond the ends of the active distribu- 
taries. 

In three dimensions, this deltaic complex possesses a structure resembling that of 
a pile of roughly superimposed leaves, in which the veins of each leaf represent 
natural levee and associated deposits, while the inter-vein areas represent de- 
posits of the marshes, lakes, and bays. Widespread marine deposits, formed by the 
advance of the sea over abandoned subdelta surfaces, interfinger with this sequence. 
Combined subsidence and concentration of sediment near the ends of active distribu- 
taries result in a greatly overthickened section in the zone of interfingering. 

Counterparts of these features of the Recent Mississippi delta are found in the 
Tertiary sediments of Louisiana and east Texas. Both surface and subsurface 
evidence indicates that deltaic material constitutes a large part of the sediments 
filling the Gulf Coast geosyncline, and that delta sedimentation by the Mississippi 
and its ancestral streams has been a major factor in Gulf Coast history at least as 
far back as the beginning of the Tertiary. 


EVIDENCES FOR RELOCATION OF WEST DRIFT BORDER IN EASTERN KANSAS 
BY W. H. SCHOEWE 


Field investigations carried on in the region of the attenuated drift border in 
northeastern Kansas indicate that an ice sheet extended beyond the limits of the 
previously mapped west glacial border. The evidences cited are the presence beyond 
the glacial border of: true till deposits, unusually abundant and widespread erratics 
both near and remote from the glacial border, and unsorted drift occupying places 
without any regard for topographic position or elevation. The new mapping adds 
approximately 450 square miles to the ice-invaded area of Kansas. 


RELATIONSHIP OF OROGENIC MOVEMENTS OF CHINA AND BRITISH COLUMBIA 
BY 8S. J. SCHOFIELD 


CHINA British CoLuMBIA 
Oligocene Block faulting Folding and igneous intrusion 
Laramide Yenshan No. 2 Jurasside 
Folding and igneous intrusion Folding and igneous intrusion 
Jurasside Yenshan No. 1 Laramide 
; Folding and igneous intrusion Folding and igneous intrusion 
Proterozoic Folding Folding 
Archeozoic Folding and igneous intrusion Folding and igneous intrusion 
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SIGNIFICANCE OF FORM AND ARRANGEMENT OF STRAND DUNES 
BY IRVING D. SCOTT 


The dunes considered here are limited to those occurring about the shores of Lake 
Michigan, which presents a different set of conditions from that which prevails along 
the shores of the ocean, in that four distinct flood levels above the present lake have 
been recognized. Furthermore, different conditions occur in the uplifted area north 
of the hinge line from those in the area of horizontality to the south. Another factor 
is the somewhat periodic fluctuation of the lake level, which is sufficient to com- 
pletely reverse the activity of the shore agents, causing alternating progression and 
retrogression of the shore. 

The dunes in the different areas vary as to form and especially as to arrangement. 
This paper attempts to describe and account for the variations peculiar to each set 
of conditions. Six forms of dunes, all due to a combination of aggradation and 
degradation, are included, as well as a number of arrangements transverse and 
longitudinal to the effective wind direction. 


PROBLEM OF EARLY MAN IN AMERICA 
BY E. H. SELLARDS 


The problem of early man in America has been before geologists and anthropolo- 
gists for nearly a century. At the time of the founding of this Society, 50 years ago, 
reports of occurrence of early man in America evoked no great surprise. A good 
summary of the prevailing opinion of that time may be obtained from McGee’s 
paper, Paleolithic man in America, 1888. A few years later, doubt as to the authen- 
ticity of the discoveries then known began to arise. The history of this subject 
through nearly 100 years may be divided into three parts: (1) Approximately half a 
century of fairly general acceptance of the idea of early man in America; (2) 
approximately a quarter of a century, during which the authenticity of all earlier 
and all current discoveries of early man was vigorously opposed by a few scientists; 
and (3) a later period leading up to the present, during which discoveries of human 
remains or implements in association with extinct animals or in seemingly old 
deposits have been brought to light with greatly increased frequency. In recent years 
combined research by representatives of the two sciences most directly concerned— 
geology and anthropology—have brought about new advances in the effort to solve 
this perplexing problem of early man in America. This ne-v interest accounts in 
part at least for the considerable number of new discoveries in recent years. The 
paper contains a bibliography arranged by authors and an index to localities with 
comments and citation of the principal literature for each locality. 


BASIN-RANGE STRUCTURE OF THE RUBY-EAST HUMBOLDT RANGE, NEVADA 
BY ROBERT P. SHARP * 


The Ruby-East Humboldt Range, a narrow, fault-block mountain mass in north- 
eastern Nevada, consists of pre-Miocene igneous, metamorphic, and sedimentary 
rocks of complex structure. The adjoining basins contain the upper Miocene Hum- 
boldt formation dissected by the through-flowing Humboldt River so that direct 
evidence of the boundary structure of the mountain block is available. 

This range is a westward-tilted horst bounded by normal faults which dip 60 to 70 
degrees basinward. Displacements on the east boundary fault are at least twice as 
great (5500 to 6000 feet) as on the west boundary faults (2000 feet). 
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Five periods of accelerated Basin-Range faulting have been recognized: (1) A 
questionable late middle or early upper Miocene period, displacements small; (2) an 
upper Miocene period during deposition of the Humboldt formation, displacements 
larger; (3) a post-Humboldt—pre-Pliocene(?) lava period, amount of displacements 
unknown; (4) a post-Pliocene (?) lava period extending to middle or late 
Pleistocene, the period of last major uplift of the range, displacements large; 
and (5) a late Pleistocene to Recent period, post-earliest Wisconsin, displacements 
small. 

Lack of evidence of late Tertiary or Quaternary compression indicates that the 
uplift is to be attributed to vertical movements operating in a neutral or tensional 
state of the crust. At least one of the latest displacements has been an absolute upward 
movement of the mountain block of 200 feet. 

The scarps bounding the range are composite scarps, in places rejuvenated by late 
Pleistocene or Recent fault movements. 


CALIFORNIA SUBMARINE CANYONS 


BY FRANCIS P. SHEPARD 


During the past 18 months the writer with the active cooperation of Roger Revelle, 
K. O. Emery, and R. S. Dietz has been investigating the California submarine canyons. 
Approximately 6 months of the time has been spent on the Scripps Institution vessel, 
and during the remaining period numerous trips have been made in small boats. 

The results of this work are still being studied, but certain tentative conclusions can 
be drawn from the observations. It has been ascertained that the unfilled condition 
of the canyons does not imply their recent drowning since they are being kept free 
of sediments partly by submarine mud flows, several of which have been charted. 
Bottom currents which are probably capable of moving the finer sediments have 
been measured. Non-deposition in Monterey Canyon was traced out to depths of 
a mile below sea level. An indication that the canyons were cut by rivers comes 
from the discovery of rounded gravel deposits on their floors out to great depths. 
The finding of delta-like flats outside certain canyons is also suggestive. The 
fact that some of the canyons are cut into such hard rocks as granite, diabase, and 
quartzitic sandstone and that practically all of them have rocky walls is hard to 
explain on the basis of submarine currents. The granite has been traced to depths 
of at least 4000 feet on one wall of Monterey Canyon. However, some of the deep 
outer portions of the canyons may be of diastrophic origin as was indicated by sound- 
ings taken in some of the offshore depressions. (Geological Society project.) 


CORING OPERATIONS OFF THE CALIFORNIA COAST 


BY FRANCIS P. SHEPARD, ROGER REVELLE, R. S. DIETZ, AND K. 0. EMERY 


A new type of gravity coring machine developed by Dietz and Emery has been used 
in work on the Scripps Institution vessel during the past year. With this machine 
cores up to 11 feet 10 inches in length have been obtained. The core barrel penetrated 
into the sediment to depths of over 22 feet, and mud samples from approximately 
that depth were probably obtained by means of a nose trap designed by Shepard. 

Preliminary examination of the cores gives indications both of changing conditions 
and of considerable periods of stability. Thus the finding of well-rounded gravel 
under sand and mud in the bottom of two of the submarine canyons suggests a change 
in the environment of sedimentation from shallow to deep-water conditions. How- 
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ever, long cores of essentially ‘uniform material in the basins and troughs off southern 
California suggest uninterrupted deposition under present conditions. An 8-foot 
core in red clay from 300 miles off the coast showed no important variation except in 
content of volcanic debris, probably indicating that there has been a long period 
without any considerable change of sea level. (Geological Society project.) 


GEOMORPHIC EVIDENCE RELATING TO THE ANTIQUITY OF MAN IN 
NORTH-CENTRAL KANSAS 


BY HAROLD T. U. SMITH * 


A deeply buried archaeological site in Smith County, Kansas, now being excavated 
by Loren Eiseley, occurs in a stream terrace whose erosional history must date well 
back into post-Wisconsin time. Archaeological material recovered to date consists 
of numerous flakes and rejects, some scrapers, and a single point, all scattered through 
fragments of charcoal, and of charred and fossilized bones of bison. This material 
occurs mainly in a thin, irregular band at a depth of 10.5 feet below the top of a 
21-foot cut-and-fill terrace along a small, intermittent stream. In and above the 
cultural layer are numerous species of mollusks, now being studied. The artifacts 
found here suggest a culture post-dating the Folsom but pre-dating the appearance of 
pottery and agriculture in this section of the Plains. 

The formation of the terrace in which the archaeological material occurs involved 
the following stages: (1) Deposition of 10.5 feet of alluvium; (2) lowering of local 
base level and formation of a floodplain 14 feet below the top of the fill; (3) a 
second lowering of local base level and development of a new floodplain 21 feet 
below the top of the original fill. This latest floodplain has a width of up to 100 yards 
and is entering middle maturity. Comparison with observed rates of post-Wisconsin 
erosion in glaciated areas indicates that these events could have taken place in the 
latter half or third of postglacial time. 


RELICT FRACTURE CLEAVAGE IN PARASCHISTS 


BY J. T. STARK AND J. H. MAXSON 


To the various compositional, textural, and primary structural criteria for the 
recognition of metamorphosed sedimentary rocks may be added relict fracture cleav- 
age. Thin beds in the Archean Vishnu series of the Grand Canyon possess cross- 
structures at high angles to their bounding surfaces. These transverse planes pre- 
sumably were developed in incompetent layers under stresses of crustal deformation. 
During metamorphism they became the loci of biotite crystallization and thus were 
preserved. Close folding of parts of the Vishnu series on Vishnu Creek indicated by 
reversals in attitude of fracture cleavages is corroborated by the testimony of drag 


folds. 
UPPER CAMBRIAN CLASSIFICATION OF MINNESOTA 


BY CLINTON R. STAUFFER, GEORGE M. SCHWARTZ, AND GEORGE M. THIEL 


Pioneer work on the Upper Cambrian of Minnesota and Wisconsin was done by 
D. D. Owen. This was followed by the work of N. H. Winchell and his associates. 
The classification thus established has been used with slight variation for more than 
40 years. The studies of E. O. Ulrich and the more recent work of W. H. Twenhofel, 
G. O. Raasch, and others in Wisconsin suggest various modifications of merit which 
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are being used more widely and which may prove very helpful in the interpretation 
of the Upper Cambrian or St. Croixian series. Although the writers doubt the expedi- 
ency of some changes and subdivisions that have been made, nevertheless for the 
sake of approximate uniformity in usage they suggest that the Minnesota Upper 
Cambrian formations be limited as follows: 


St. Croixian series 
Jordan sandstone 
Van Oser member (Tellerina-Saukiella faunule) 
Norwalk member (Jllaenurus-Calvineila-Osceolia faunule) 
St. Lawrence formation 
Lodi member (Dikelocephalus minnesotensis faunule) 
Judson member (Platycolpus-Billingsella faunule) 
Franconia formation 
Bad Axe member (Lower Dikelocephalus faunule) 
Minneiska or Hudson member (Ptychaspis-Prosaukia faunule) 
Taylors Falls or Goodenough member (Conaspis faunule) 
Tronton member (Camaraspis faunule) 
Dresbach formation 
Galesville member (possibly barren) 
Eau Claire member (Crepicephalus-Cedaria faunule) 
Mt. Simon member (except for tracks and trails perhaps barren) 


RECENT FAULT SCARP IN THE MADISON RANGE, MONTANA 


BY ROGER W. SWANSON * 


Along the west side of the Madison Range in Montana a small scarp cuts recent 
unconsolidated sediments and is comparable to those young scarps first described by 
Gilbert for the Great Basin. This scarp varies in height from 5 to 20 feet and is 
traceable for about 40 miles from north of Jordan Creek south to the Upper Gorge 
of the Madison River. It has been notched by intermittent streams at the mouths 
of small V-shaped valleys and has been cut by the major stream valleys but shows 
little further sign of erosion. Commonly occurring at or very near the base of small 
faceted spurs, this young scarp cuts across sands and gravels of alluvial fans, glacial 
moraines, and valley terraces, apparently following a course of former displacement 
which had presumably greater magnitude. In a few cases this scarp appears to divide, 
possibly indicating a splintered fault zone. 


OSTRACODA FROM THE LOWER DEVONIAN OF EASTERN NEW YORK 
AND PENNSYLVANIA 


BY FRANK M. SWARTZ 


In the type area near Kingston, New York, the Port Ewen shale contains Thlip- 
surella multipunctata and other characteristic Ostracoda. Many are also found in 
the Port Ewen in Monroe County, eastern Pennsylvania, and in presumably equiva- 
lent beds in parts of Northumberland, Perry, and Huntingdon counties, central Penn- 
sylvania. 7. multipunctata was originally described by Ulrich and Bassler from the 
Shriver chert in its type area near Cumberland, Maryland. It has not been found in 
the ostracode-bearing middle and upper parts of the Shriver in central Pennsylvania. 

The Oriskany (Glen Erie) near Kingston contains Ostracoda in part closely related 
to species of the upper part of the Shriver of central Pennsylvania. A rather different 
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assemblage of species was obtained from the Glen Erie near Catskill, New York, 
through the courtesy of G. H. Chadwick. 

Ostracoda of the above-described horizons and localities will be illustrated and de- 
scribed, and their stratigraphic relations further considered. The material was ob- 
tained during field work supported by the Pennsylvania Geological Survey. Assistance 
in preparatory and photographic work has been provided in part by a grant from the 
Pennsylvania State College. (Geological Society project.) 


DOLOMITIZATION IN GLACIO-LACUSTRINE SILTS OF GLACIAL LAKE AGASSIZ 
BY G. A. THIEL AND G. D. SHERMAN 


The sediments in glacia! Lake Agassiz were derived from the calcareous drift of the 
Late Wisconsin ice sheet. They include (1) beach ridges of sand and gravel, (2) 
near-shore sand plains, and (3) off-shore silts and clays. The near-shore sands grade 
horizontally into silts and clays which cover the broad expanse of the lake bottom. 
These fine-grained sediments are from 25 to 75 feet thick and cover many thousands 
of square miles. In numerous localities an enriched dolomitic zone from one to 10 
feet thick occurs in the silts at from 1 to 3 feet below the surface. 

In mapping the dolomitic deposits, more than 700 miles of ditches were examined, 
11 trenches were dug, 320 holes were drilled, and more than 3000 borings were made 
with soil augers. Detailed chemical and mineralogical studies were made of 30 
profiles. 

The dolomitic bodies are not simply a product of negative enrichment formed by 
the leaching of calcium carbonate. At a number of places, the dolomite occurs imme- 
diately below highly calcareous sands, and at other places it was found under im- 
pervious clays. The boundaries of the enriched zones penetrate the bedding at vari- 
ous angles. Horizontally, they vary from a few square yards to several acres. One 
exceptionally large area covers about 36 square miles, 

Most of the dolomitization has taken place where the water table is near the surface 
or where the natural drainage is poor. Analyses of ground waters show a high total 
salinity, with magnesium varying from 25 to 700 parts per million and with from 80 
to 3580 parts per million of SO,. 

TEN YEARS OF GROUND-WATER RECORDS IN THE GRAND PRAIRIE 
REGION, ARKANSAS* 
BY DAVID G. THOMPSON 


Since 1928, observations have been made on the effects of pumping ground water 
for rice irrigation in the Grand Prairie region, Arkansas, until now a 10 years’ record 
is available. In recent years, from 150,000 to 250,000 acre-feet of water per irrigation 
season (from about 500 to 800 million gallons a day) has been taken from beds of sand 
and gravel of early Pleistocene age. 

In a preliminary report in 1931, it was estimated that the safe yield of the Pleisto- 
cene water-bearing beds was certainly not more than 175,000 acre-feet a year and 
might be as low as 150,000 acre-feet a year. During the past 10 years in most wells 
the water level has reached lower and lower levels in each successive year. In 1933, 
for the first time the estimated pumpage dropped below the minimum estimate of 
150,000 second-feet. In that year the water level, nevertheless, continued to decline. 
It seems likely that the estimate of safe yield in the Grand Prairie region must be 
revised downward. 

Observations on water levels in other parts of the large alluvial area between the 
Ozark Plateau and Crowleys Ridge have shown some decline in the artesian head 


* Published by permission of the Director, U. 8. Geological Survey. 
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although the quantity of ground water used is relatively small. Most of this area 
is covered with relatively impervious silt and clay, and recharge apparently is meagre. 
In spite of the high permeability of the alluvial sands and gravels throughout the 
area, their annual safe yield may be comparatively small. 


SEDIMENTS OF CRYSTAL LAKE 
BY W. H. TWENHOFEL AND W. A. BROUGHTON 


Crystal Lake is situated in Vilas County, Wisconsin, and contains the softest water 
known in any of the lakes of the State. The calcium carbonate is only 0.8 parts per 
million, and there is only a trace of magnesium carbonate. The lake covers an area 
of about a quarter of a square mile, has no outlet, and receives water from seepage. 
The waters are crystal clear. The sediments of the shores are largely quartz sands 
which extend outward for 100 to 125 meters from the shore and to depths of about 
12 meters. The sands are mainly less than 1 millimeter in diameter. The maximum 
depth of the lake is 21 meters, and below the depth of about 12 meters to the maximum 
depth the bottom is covered with very fine, very black mud. The mud contains repre- 
sentatives of 82 species and varieties of diatoms. The calcium and magnesium carbo- 
nate content of the mud is very low, and the bacterial count shows only a small number 
at all levels. This black mud extends to a minimum depth of at least 2 meters, as 
three cores taken in the deeper parts of the lake penetrated light-colored muds at the 
depth of about 2 meters beneath the bottom. Samples of these muds contained only 
a few specimens of one species of diatoms and more calcium carbonate than any 
sample of black mud. It is suggested that the light-colored muds were deposited 
shortly after the retreat of the late Wisconsin ice sheet and that the accumulations 
since that time are represented in the black muds. 


SUBMARINE VALLEYS OF THE ATLANTIC 


BY A. C. VEATCH AND PAUL A. SMITH 


The new basic surveys by the United States Coast and Geodetic Survey between 
the vicinity of Chesapeake Bay and the eastern extremity of Georges Bank have made 
it possible to compile accurate and detailed maps of the submarine features of this 
region. A project to compile a set of special charts was undertaken by Dr. A. C. 
Veatch in 1937 in cooperation with the Coast and Geodetic Survey. These Coastal 
Slope Charts show not only the contours but also the vast number of soundings upon 
which the contours are based. Some of the important facts disclosed on the charts 
which are to accompany Special Paper No. 7 of the Geological Society of America 
are outlined. (Geological Society project.) 


PHYSIOGRAPHY OF GRAYS SUMMIT SADDLE IN MISSOURI 


BY JOSEPH A. WALKA * 


The Grays Summit saddle (650 to 750 feet above sea level) is the divide between 
the Missouri and Meremac rivers at the foot of the Crystal escarpment 37 miles 
southwest of St. Louis. This and similar saddles in this part of Missouri have been 
interpreted as overflow channels of the aggraded Missouri River in Kansan time (J. 
Todd) or the aggraded Mississippi River at the culmination of Illinoian glaciation 
(F. Leverett). The highest alluvial deposits considered in support of these hypotheses 
are 87 feet below the minimum elevation of the saddle. There is a complete lack of 
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34 
E 


ABSTRACTS 1905 


local evidence that this saddle was occupied by a stream channel. Field studies indi- 
cate that this is a feature incidental to the down-dip retreat of the Crystal escarpment 
on the flank of the Ozark dome. The Missouri River took a consequent course in 
Tertiary time across the northern edge of the Ozark uplift. The present course of the 
intrenched Meremac River is nearly identical with that of Cretaceous time. 


PENNSYLVANIAN CORRELATIONS IN THE SOUTHERN APPALACHIAN COAL FIELD 


BY HAROLD R. WANLESS 


The Pennsylvanian strata have been classified into different groups of names north- 
west and southeast of the Pine Mountain thrust fault and in Virginia, Kentucky, and 
Tennessee. The present investigation was undertaken to determine the equivalence 
of certain strata between these different areas. The section southeast of the Pine 
Mountain fault, especially in Harlan County, Kentucky, and Lee and Wise counties, 
Virginia, is greatly expanded as compared with the section along the western border 
of the coal field both in southern Kentucky and northern Tennessee and includes 
numerous coals and other strata which wedge out toward the northwest. Quartz 
pebble conglomerates, dark shales, fossiliferous marine and plant-bearing horizons, 
and a persistent flint fire clay parting in a coal are used as key beds for correlation. 
Marine fossils are found in Tennessee over the Big Mary coal of the Scott formation 
and the Glenmary or Poplar Creek and Hooper coals of the Briceville formation, 
while corresponding horizons do not generally yield fossils in Kentucky. Strata 
younger than the Lee formation (basal Pennsylvanian) in Tennessee are limited 
to the northeastern part of the coal field. Coals of commercial importance, generally 
lacking in the Lee formation in Pine and Cumberland mountains, are present along 
the west side of the field both in Kentucky and Tennessee. (Geological Society 


project.) 
GEOLOGY OF ULUPAU HEAD, OAHU 


BY CHESTER K. WENTWORTH AND J. EDWARD HOFFMEISTER 


Ulupau Head is a secondary tuff crater, now partly destroyed by the sea, forming 
the eastern salient of Mokapu Peninsula, northeast coast of Oahu, Hawaii. Building 
of the crater from submarine vent was the first stage in the formation of the peninsula. 
The crater was deeply eroded by wave action on the north and east, the rim being 
largely destroyed on the east, and the sea entering the bowl. Later, in clearer waters, 
with the sea at least 45 feet above the present, oyster-bearing limestone and an over- 
lying calcareous beach sandstone were deposited on steep surfaces inside the crater. 

Unconformable on these beds is a thick series of alluvial, tuffaceous silts and in 
one sector a remarkable breecia carrying 30-foot blocks of tuff and probably due to 
a rock fall. At this time the sea stood at least as low as at present. Later reef forma- 
tions and accompanying beach conglomerates indicate stands of the sea at 25 feet and 
at about 12 feet above the present, the resulting formations, with later alluvial and 
beach accumulations, completing the formation of the 2 square miles of the peninsula. 

Incorporated in the reef limestone of the northwest shore are great blocks of tuff 
Iet down by marine erosion from the rock fall breccia and forming a remarkable reef 
breccia. This, in turn, subject to attack by the two distinctive bench-forming processes 
of water-level weathering on the tuff blocks and solution benching on the reef lime- 
stone matrix, displays not only its composition and structure but furnishes a striking 
example of the contrasted features of marine benches developed by processes peculiar 
to the two types of rock. 
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JEPTHA KNOB, KENTUCKY: 
CRYPTOVOLCANIC STRUCTURES OR LANDSLIDES? 


BY GIRARD WHEELER * 


Jeptha Knob is an isolated monadnock rising 300 feet above the dissected Blue 
Grass (Lexington) peneplane. Surrounding it on all sides are undeformed Ordovician 
strata. Similarly undeformed are the resistant Silurian beds which cap the summit. 
In parts of the Knob, however, particularly in stream beds, are discontinuously 
exposed dipping strata. According to Bucher, the Ordovician strata underlying the 
flat Silurian summit beds were domed, folded, and faulted by a cryptovolcanic 
explosion. This was followed by peneplanation, after which the Silurian sediments 
were deposited on the truncated, upturned Ordovician beds. 

Physiographic, stratigraphic, and structural objections to Bucher’s theory aie 
outlined. An alternative landslide hypothesis is presented, according to which the 
Knob is interpreted as an erosional remnant of undeformed Ordovician and Silurian 
strata. Its isolation is ascribed to (1) favorable location on a divide and (2) the 
protective caprock of Silurian chert, which attains an unusual thickness at this 
locality. The dipping beds are construed as landslide blocks. The slides were 
formed as the result of excessive downcutting and the production of steep valley 
walls during a former (Pleistocene?) erosional episode. This was followed by 
aggradation, during which the steep valley walls were subdued and the valleys 
containing the landslide blocks were filled. At present the streams are re-excavating 
their valleys and bringing to view the masses of dipping strata. 


PALEOZOIC PORTION OF THE WILLSBORO QUADRANGLE, NEW YORK 


BY LAWRENCE WHITCOMB t 


The Willsboro quadrangle lies on the east flank of the Adirondack Mountains 
midway on Lake Champlain. The Paleozoic rocks form lowlands bordering the lake 
and are part of the Champlain Valley section of the St. Lawrence province. Cam- 
brian and Ordovician rocks are folded and faulted and buried by Pleistocene deposits. 
Sedimentary formations ranging from Potsdam to Canajoharie in age are folded into 
an anticline and syncline whose axes strike N 25° E and plunge gently to the north. 
Subsequent normal faulting along a series of north—south, north-northeast—south- 
southwest, northeast—southwest, and east—west faults has subdivided the area into 
numerous blocks. Post-Canajoharie intrusions have cut the Paleozoic rocks. Field 
evidence points to two periods of intrusions, one pre-faulting and the other post- 
faulting. Pleistocene drift, delta sand plain, and the deposits of a marine Pleistocene 
invasion cover a large part of the area. Landslides, of the balanced type, in the 
Pleistocene deposits have been of major importance in developing the present 
topography of the valley of the Bouquet River. Quarrying, which was once a major 
industry, is now quiescent. 


ORDOVICIAN-SILURIAN RELATIONS IN PENNSYLVANIAt 
BY BRADFORD WILLARD AND ARTHUR B. CLEAVES 


New data on the Ordovician-Silurian relations in Pennsylvania make possible 
re-interpretation of long-known facts. The usually accepted sequence in south- 
central Pennsylvania is: 


* Introduced by Douglas Johnson and W. H. Bucher. 
+ Introduced by A. F. Buddington. 
t Published by permission of the State Geologist of Pennsylvania. 
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Lower Silurian 
Tuscarora white sandstone (Shawangunk, in part, in east) 
Upper Ordovician 
Juniata red sandstone 
“Oswego” gray sandstone (Bald Eagle conglomerate) 
Martinsburg shale (slate in east, Reedsville shale locally) 


The re-opening of long-abandoned railway tunnels in south-central Pennsylvania 
has shown this sequence to be conformable throughout. A new highway cut near 
Harrisburg reveals a disconformity at the top of the Martinsburg, and the “Oswego” 
as a gray conglomerate (Bald Eagle?) hitherto unknown so far southeast. Because 
of this, the “basal Silurian conglomerate” farther east appears to be its correlate. 
Such conglomerate is conformable with the overlying beds, unconformable with the 
Martinsburg. The Juniata is absent east of the Susquehanna Valley. In summary, 
we have: 


South-central Pennsylvania Susquehanna Valley Eastern Pennsylvania 

Tuscarora formation Tuscarora formation Tuscarora formation 
Transition Transition 

Juniata formation Juniata formation Disconformity 
Transition Transition 

“Oswego” formation “Bald Eagle” conglomerate “Bald Eagle” conglomerate 
Transition Disconformity Unconformity 

Martinsburg formation Martinsburg formation Martinsburg formation 


The unconformity at the top of the Martinsburg in the east is tectonic, perhaps 
expressive of the Taconic Disturbance; the disconformity beneath the Tuscarora is 
sedimentary in origin. 


IMPROVED TORSION GRAVITY METER 


BY F. E. WRIGHT AND J. L. ENGLAND 


The Geophysical Laboratory has been interested for many years in study of the 
elastic behavior of different materials and in development of a torsion gravity meter 
for field use. It has realized that, to assure constancy of operation, the elastic 
element should be under load only while a measurement is being made, that periods 
of rest are needed to dissipate the slight strains introduced on occupation of a 
station, that the temperature of the spring should be kept constant (+0.01° C), that 
the dry air pressure inside the instrument should be low and less than 5mm. Hg, and 
that a definite time schedule of operation should be followed in each measurement. 

During a recent 8-months’ test period with apparatus built in 1929, many widely 
separated gravity stations were occupied and re-oceupied. The values obtained at 
different times for any given station agreed within one milligal. A new instrument 
has now been completed which is more compact and lighter than that of 1929, has 
more effective thermal insulation, an improved optical system, and is better adapted 
to field use; the temperature is held constant by means either of ice or of an elec- 
trically controlled thermostat. The apparatus is mounted in a motor truck, and 
measurements are made without removing it from the truck. The time required for 
occupying a station is 15 or 20 minutes. 
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BRACHIOPOD ZONAL INDICES OF THE ORDOVICIAN STAGES COSTONIAN— 
ONNIAN IN BRITAIN 


BY B. B. BANCROFT 


The stages Costonian—Onnian correspond roughly to the lower half of the Upper 
Ordovician as conceived in England. They embrace seven stages, the Costonian, 
Harnagian, Soudleyan, Longvillian, Marshbrookian, Actonian, and Onnian. These 
stages are subdivided into 32 zones, the zonal indices being chosen from the Dalma- 
nellacea, Orthacea, and Strophomenacea. The brachiopod indices include 13 new 
species and varieties of which 4 are referred to Onniella, 5 to a new subgenus, 2 to 
a new genus, 2 to Wattsella and 1 to Dinorthis. An additional genus and subgenus 
and 3 new sub-zonal indices are also described. The indices referred to the 2 new 
subgenera and Onniella lie upon well-established trend-lines, their respective posi- 
tions in the trends being defined by the statistical characters of the ribbing. The 
same method of definition is used in describing the other indices referred to Dalma- 
nellacea. 


PALEOZOIC SECTION IN VICINITY OF DOTSERO, COLORADO 


BY CHARLES FERNANDO BASSETT* 


The Paleozoic sequence of strata is well exposed in the northeast end of the Glen- 
wood Canyon and near the junction of the Eagle and Colorado rivers. Although the 
formations are folded and faulted they are not affected by mineralization as in many 
places where they have been studied. The Cambrian starts with a locally developed 
conglomerate of quartz pebbles overlying the weathered surface of pre-Cambrian 
gneisses and schists. This is sueceeded by the Sawatch quartzite which contains one 
fossiliferous shale bed. The dolomites, usually called Ordovician on account of their 
stratigraphic position, have yielded a fauna of upper Cambrian dendroid graptolites. 
The Cambrian is overlain disconformably by the Devonian which has the usual sub- 
divisions of this area—the Parting member below and the Dyer member above— 
separated at this point by a weathered zone. No stratigraphic break is apparent 
between the Devonian and Mississippian limestones. The latter—the Leadville— 
presents in the locally fossiliferous upper portion an odlitic phase which is not 
characteristic in other areas. The Mississippian surface became pitted with sink- 
holes prior to the deposition of the Pennsylvarsan. The Pennsylvanian strata exhibit 
abrupt lateral changes throughout their thickness and pass upward without apparent 
break into gypsum and red beds. A revised section of the Pennsylvanian at McCoy 
is included for comparison. 


HOMOEOMORPHY IN THE BRACHIOPOD GENUS “ACROTRETA” 


BY CHARLES BELL + 


Buckman has applied the term homoeomorphy to parallel developments of external 
form and ornamentation among brachiopods whose internal structures differ. Insofar 
as the writer is aware, no instance of homoeomorphy among Cambrian inarticulate 
brachiopods has been reported. At approximately the same stratigraphic position in 
the Middle Cambrian of Montana, but at widely separated localities, two species 


* Introduced by E. C. Case. 
t Introduced by E. C. Case. 
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occur whose external form and ornamentation are nearly identical, but whose interiors 
differ in what is considered a generic degree. These species conform to the present 
definition of the genus Acrotreta Kutorga, whose genotype occurs in the lower part 
of the Ordovician of the Baltic region, but they have been assigned by the writer, 
for reasons discussed elsewhere, to new genera. In one species from the Pagoda 
limestone of northwestern Montana, the dorsal valve possesses a blade-like median 
septum which rises gently from the level of the propareas to its highest point in the 
anterior third of the valve. In the other species from the basal Meagher formation 
of south-central Montana, the dorsal septum broadens anteriorly to form a flabellate 
platform rising above the floor of the valve. This flabellate platform is very similar 
to that in Prototreta trapeza Bell from the Pentagon shale and lower Meagher forma- 
tion in Montana. 


TRIASSIC SPORES AND POLLEN GRAINS 
BY WILLARD BERRY 


Triassic coal exposed and mined, up to November 1937, from near Gulf, Chatham 
County, North Carolina, in the Deep River Basin, has a spore and pollen flora which 
does not show as close a relation to the floral remains as might be expected. There 
are more fern-like spores and less cycad-like pollen than one would expect. There 
is also much uncrushed woody material. About half a dozen new spores have been 
found, none of the Angiospermae. 


MISSISSIPPIAN-DEVONIAN CONTACT IN THE MISSISSIPPI VALLEY 


BY E. B. BRANSON AND M. G. MEHL 


Recent investigations have caused the writers to consider the Hannibal sandstone 
as the base of the Mississippian in northeastern Missouri, western Illinois, and south- 
eastern Iowa. In other parts of Missouri the Bushberg sandstone is basal Missis- 
sippian. Several formations that have been referred to Mississippian are called 
Devonian. The main data for the conclusions came from the conodonts derived 
from formations that have not yielded other diagnostic fossils. However, the micro- 
fossils fit into the classification as indicated by the conodonts. 


NEW HEXACTINELLIDA FROM THE DEVONIAN AND MISSISSIPPIAN 


BY KENNETH E. CASTER 


Morphologic data are presented for three new genera and species of siliceous 
sponges, one assigned to a new family, one to a new subfamily of the Dictyospongii- 
dae, and one to the Dictyospongiinae: 

The new family (genus and species) is for Mississippian sponges from northwestern 
Pennsylvania which occur in regularly branching colonies. This habitus is new for 
Devonian and Mississippian Hexactinellida. Of taxonomic importance are two 
reticula of suppressed hexacts (one being paragastric), multiple food-gathering sur- 
faces perforated by radial inhalent pores or tubules, and astontogenetic re-orienta- 
tion of the inhalent surfaces correlative with upward growth of the colony and devel- 
opment of pendant branches. 

The new subfamily (genus and species) comes from the Lewis Run sandstone 
(Venango stage, Conewango series, Upper Devonian) in McKean County, Pennsyl- 
vania. Facieologically this is the hematitic subfacies of the Catskill magnafacies. 
Gomphoceroid contour of the cup and bark-like appearance of the external reticulum 
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created by differential bundling of the concentric axes of suppressed hexacts are 
unique. These peculiarities amplify the picture of unusual variation shown by the 
entire biota of the iron-charged environment. 

Diminutive prismodictyoids (new genus and species) occur in sandstones at the 
base of the Enfield formation (Senecan series, Upper Devonian) near Ithaca, New 
York. Facieologically this is the most shoreward subfacies of the Smethport magna- 
facies. The ecology and sedimentation of the occurrence are as interesting as the 
structures since this sponge has been hitherto interpreted as “mud balls” in the 
sandstone. 

A generalized facieological diagram showing distribution of the Hexactinellida in 
the Upper Devonian and basal Mississippian of the Penn-York Embayment sum- 
marizes the discussion. 


PRELIMINARY NOTES ON A REVISION OF THE CRENULATE-HINGED 
STROPHOMENACEA 


BY KENNETH E. CASTER 


As an outgrowth of research on the Devonian fauna of Colombia, South America, 
the revision of the crenulate-hinged Strophomenacea, principally as developed in the 
western hemisphere, has been undertaken. Preliminary notes are offered for discus- 
sion. The conclusion is reached that virtually the entire crenulate-hinged Stropho- 
menacea should be considered as one family, of which Stropheodonta is the proto- 
type. Resupination appears to be of minor systematic importance in the group and 
is viewed as an unreliable family attribute. It is only partially satisfactory, when 
linked with other features, for subfamily differentiation. Subfamilies are proposed 
for the true stropheodonts (plus certain resupinate genera) and for the strophonellids 
with which their ancestry seems linked. New tribes are recognized essentially to 
replace the current mantle usage of such genera as Stropheodonta, Douvillina, and 
Leptostrophia. Groups of related genera are recognized within these tribal units. 
Structural keys and diagrams bring out the salient differences of the larger categories. 
Both subfamilies range from the Silurian into the Upper Devonian. In the subfamily 
of stropheodonts 16 genera are recognized at present, of which 11 are described as 
new, and in addition 8 species groups are distinguished. In the strophonellid sub- 
family 6 genera are recognized, of which 2 are new, and in addition 5 species groups 
are differentiated. Analytical tables and diagrams summarize the structural dif- 
ferences of these generic and subgeneric groups. Most of the genera apparently are 
nearly cosmopolitan in their distribution. 


PRELIMINARY REPORT ON THE TERTIARY HISTORY OF THE UINTA BASIN 
BY JOHN CLARK 
This will be a discussion of upper Eocene sediments of the Uinta Basin, north- 
eastern Utah, with especial reference to Eocene drainage systems and the structural 
history of the Uinta mountains. 


NEW OSTRACODES FROM THE CLORE FORMATION (CHESTER GROUP) OF ILLINOIS* 
BY CAREY CRONEIS AND HAROLD J. FUNKHOUSER 


The Upper Chester Clore formation of southern Illinois is rich in micropaleontologic 
remains of a number of groups, among which the ostracodes are prominent. In this 
paper 24 new species of ostracodes are described which are distributed among 14 
genera, of which 3 are considered new. 


* Published by permission of the Chief, Illinois Geological Survey. 
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NEW OSTRACODES FROM THE GOLCONDA FORMATION (CHESTER GROUP) 
OF ILLINOIS* 


BY CAREY CRONEIS AND ARTHUR S. GALE, JR. 


Although a major Walker Museum research program involving the micropaleon- 
tology of the Chester sediments of Illinois is still far from complete, recent drilling 
activities in the Illinois oil basin has made it imperative that at least progress reports 
be published on the studies of the ostracodes. Accordingly, in this paper 46 new 
species of ostracodes from the middle Chester Golconda formation are described; 
they belong to 27 genera, of which 9 are considered new. 


NEW OSTRACODES FROM THE KINKAID FORMATION (CHESTER GROUP) 
OF ILLINOISt+ 


BY CAREY CRONEIS AND FRANKLIN A. THURMAN 


The Kinkaid formation of southern Illinois is the youngest of the Chester series. 
It is not surprising, therefore, that its ostracode fauna shows some Pennsylvanian 
affinities. In this paper some of these relationships are discussed, and 27 new species 
of the superorder are described. These ostracodes belong to 15 genera, of which one 
is considered new. 


NEW AND EARLIER OCCURRENCE OF THE EDRIOASTEROID GENUS 
HEMICYSTITES 


BY JAMES 8. CULLISON AND CHILTON E. PROUTY 


A new species of the edrioasteroid genus Hemicystites recently collected from the 
Murfreesboro formation, of lower Stones River age, in Lee County, southwestern 
Virginia, indicates a broader stratigraphic range for this genus than heretofore 
known. The almost perfect preservation of the specimen permits a more complete 
description of the species of this genus than has been previously given. 


PRE-PROTOBIFIDUS GRAPTOLITE HORIZON 
BY CHARLES E. DECKER 


An earlier dependent graptolite zone occurs 37 feet below the regular Didymograptus 
protobifidus horizon along U.S. Highway 77 in the Arbuckle Mountains of Oklahoma. 
Similar early types have been found on the north side of the Wichita Mountains, 
and recently some similar early dependent graptolites have been illustrated and 
described by Astrid Monsen from Norway. It is proposed to illustrate and describe 
the Oklahoma forms, compare them with those in Norway, and indicate their value 
in correlation. 


FORT UNION FLORA ASSOCIATED WITH THE BEAR CREEK MAMMALIAN 
FAUNA OF SOUTHERN MONTANA 


BY ERLING DORF 


Five new localities in the vicinity of the Eagle Coal Mine, Bear Creek, Montana, 
have yielded abundant plant remains in an unusually fine state of preservation. Of 
28 species recognized 3 are apparently new; the remainder are mainly the more com- 
mon species of the well-known Fort Unien flora. 


* Published by permission of the Chief, Illinois Geological Survey. 
+ Published by permission of the Chief, Illinois Geological Survey. 
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The Bear Creek flora occurs at the same horizon as the mammalian remains as well 
as within 50 feet stratigraphically above and below it. Its contemporaneity with the 
Bear Creek fauna makes it most useful as a standard flora for closer correlation within 
the Fort Union and related formations. The fauna is regarded as correlative with the 
Silver Coulee and Tiffany members of the Fort Union and is younger than the Lebo 
(Torrejon) and older than the Eocene Gray Bull. 

A close relationship is noted between the Bear Creek flora and the floras of the 
Paskapoo and Ravenscrag formations of Canada and the Paleocene flora of Alaska. 
Because of uncertain stratigraphic positions within the Fort Union formation, other 
Paleocene floras from Montana, Wyoming, and the Dakotas can not as yet be segre- 
gated into unit floras for comparison with the Bear Creek flora. 


CROSSOPTERYGIAN HYOMANDIBULAR AND THE TETRAPOD STAPES 
BY THEODORE H. EATON, JR. 


Regarding the transition from fish to tetrapod, by way of the crossopterygians and 
Stegocephalia, this paper presents two suggestions. One is that the articulations of the 
crossopterygian hyomandibular bone with other skeletal parts are carried over, and 
may be identified, in the articulations of the stapes in Stegocephalia and higher groups. 
There are two cranial attachments of the hyomandibular in crossopterygians, the 
lower of which, it is suggested, became the fooi of the stapes, occupying the fenestra 
ovalis, while the upper is represented by the attachment of the stapes to the parocci- 
pital crest in some amphibia and reptiles. The quadrate and hyoid attachments of 
the hyomandibular persist fundamentally unchanged in many instances. The outer 
knob of the hyomandibular, by which it supported the operculum, may have become 
the tympanic end of the stapes. 

The second suggestion is that the stapedial muscle of many tetrapods is a relic of 
the inner portion of the levator hyoidei of fishes, which attached to the hyomandibular 
bone. Evidence is offered from Crossopterygii, Stegocephalia, and several later groups. 


CONODONTS AS INDEX FOSSILS IN THE PENNSYLVANIAN OF MISSOURI 
AND KANSAS 


BY SAMUEL ELLISON 


The stratigraphic distribution of conodonts sets off three divisions of the Pennsyl- 
vanian which correspond to the Des Moines, Missouri, and Virgil series of Moore’s 
1936 classification. The differences are so easily recognized that they are useful even 
to those untrained in the study of conodonts. Smaller stratigraphic divisions may be 
distinguished locally. The Mississippian-Pennsylvanian boundary is sharp, but the 
differences between the conodonts of the Virgil series (upper Pennsylvanian) and 
those of the Big Blue series (questionably Permian) are slight. 


INTERNAL STRUCTURES OF ORTHOCHOANITES 
BY ROUSSEAU H. FLOWER 


Previous studies on cyrtochoanites have shown that internal deposits serve as an 
excellent guide to phylogeny. A similar study of orthochoanites is bringing to light 
distinct morphological types which seem to constitute generic groups, of which the 
following are the most striking: 

(1) A world-wide generic group in the Silurian having a large siphuncle which con- 
tains small symmetrical siphonal deposits and a central canal. The canal is a feature 
not hitherto known outside of the Actinoceroidea. 
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(2) A more widespread (Silurian to Mississippian) generic group characterized by 
massive hyposeptal deposits, small episeptal deposits, an empty siphuncle, and poorly 
calcified connecting rings. 

(3) A group typified by Geisonoceras s. s. (Silurian and Devonian), in which there 
is a continuous surface of secretion throughout the phragmocone. 

These differences are comparable to those upon which families and higher forms 
are based in cyrtochoanitic forms. It is believed that in general, inasmuch as the 
differences in the form of the deposits of the siphuncle and the camerae reflect func- 
tional and structural differences in the tissues of the phragmocone, they may prove 
to be more valuable generic and higher criteria than the ornamentation which has 
previously been used. 


NEW CHAZY ENDOCEROID 
BY ROUSSEAU H. FLOWER 


Among the cephalopods of the Chazy which are being restudied is a remarkable 
endoceroid which represents an undescribed genus. The cones are semicircular in 
section and terminate in an endosiphocoleon below the middle of the siphuncle. The 
coleon in turn terminates in an endosiphotube without dissepiments. The coleon and 
tube are supported by a pair of curved blades which together form a continuous arc. 
A second species of the genus has been found in the Black River associated with 
Vaginoceras which has a compressed endosiphotube supported by dorsal and ventral 
blades. Kotoceras Kobayashi of the Chazyan of Manchuria has the same general 
siphuncular organization, but directly inverted. 


VERTEBRATES FROM THE UPPER MIOCENE AND PLIOCENE OF 
SOUTH DAKOTA 


BY JOSEPH T. GREGORY 


Fossil vertebrates obtained from the Bijou Hills and from the Oak Creek formation 
in southwestern South Dakota are discussed. Merychippus insignis was obtained from 
the Bijou Hills, and fragments of teeth of similar size were found near Martin. These 
Upper Miocene occurrences are correlated with the lowest fauna of the Valentine 
region. Other localities yielded fossils of Lower Pliocene type. 

The largest assemblage, from Big Spring Canyon, near Martin, is of late Lower 
Pliocene age, indicated by the presence of an advanced species of Mylagaulus, 
Eucastor sp., Metoreodon cf. profectus, advanced type of Procamelus, Pliauchenia, 
Pliohippus ef. pernix, Neohipparion occidentale, and Nannippus cf. gratus. It is corre- 
lated with the uppermost fauna of the Valentine area, the Beaver, and possibly 
Clarendon, Ricardo, and Esmeralda faunas. The assemblage is typical of open plains 
with some admixture of riparian types. 

Fragmentary remains from localities near Rosebud indicate Lower Pliocene age 
but are mostly too fragmentary for closer correlation. The stage present at Big 
Spring Canyon is indicated, but earlier Lower Pliocene may well be present in the 
350 feet of post-Arikaree sediments exposed. 


FOSSIL VERTEBRATES OF THE GULF COAST MIOCENE OF TEXAS 
BY CURTIS J. HESSE 
Additional field work and a study of the material in the Mark Francis collection of 


fossil vertebrates disclose the presence of two distinct Miocene vertebrate faunas in 
the gulf coast of Texas. 
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The original work of O. P. Hay on this material was based largely upon collections 
from the Garvin Farm and represents the older fauna from the base of the Oakvill 
formation. Dr. Hay had few specimens from the Noble Farm and did not realize 
that this locality was stratigraphically higher. Additional collections from Noble 
Farm, Cold Springs, and Diamond Mountain, as well as scattered localities, now give 
us an adequate picture of the younger fauna. Since the Oakvill and Lagarto 
formations have not been differentiated in East Texas, it is possible that this younger 
fauna may be in the Lagarto, thus indicating a somewhat older age for this formation 
than is usually given. In general the vertebrate faunal sequence of the gulf coast of 
Texas is very close to that of Florida. 


EHMANIA FAUNA OF THE CLOUD RAPIDS FORMATION OF NORTHERN 
NEWFOUNDLAND 


BY B. F. HOWELL 


Disconformably overlying the Lower Cambrian Forteau formation at Canada Bay, 
northern Newfoundland, the Cloud Rapids formation contains a fauna whose com- 
monest trilobite is a new species of Ehmania. A second species of Ehmania, two 
species of Kootenia, a Paterina, a Micromitra, two species of Obolus, and a Wima- 
nella indicate that the fauna is of early Medial Cambrian (Bonnetian) age, a little 
older than the Paradozides bennetti fauna of southeastern Newfoundland. 


OLIGOCENE FLORA FROM NORTHEASTERN CALIFORNIA 
BY ROBERT SMITH LA MOTTE 

Preliminary examination of the fossil flora from the lower Cedarville formation of 
Modoc County, California, has resulted in the identification of 14 species commonly 
found in beds of lower Miocene age, 3 species from lower Oligocene deposits, and 7 
species that have hitherto been found only in Eocene strata. There are two new 
species. The lower Cedarville flora is older than the Bridge Creek flora (lower Mio- 
cene) and younger than the Goshen flora (lower Oligocene?). It is more probably 
upper Oligocene than middle Oligocene. 


NEW BRAMATHERIUM SKULL 


BY G. EDWARD LEWIS 


The Siwalik Sivatheriinae appear to be represented by only two genera: Bram- 
atherium, with two species, B. megacephalum and B. perimense, both of Dhok Pathan 
age; and Sivatherium, with one species, S. gigantewm, of Tatrot age. A newly dis- 
covered and unusually complete skull makes possible this synonymy. 


SIWALIK FOSSIL MASTOMYS 
BY G. EDWARD LEWIS 
A new species of Mastomys, a Siwalik murid, is described. This is the first fossil 


record of this genus, whose present range is confined to Africa. 


CLASSIFICATION OF THE TERTIARY DEPOSITS IN NEBRASKA 


BY A. L. LUGN 


This paper presents the results of almost continuous research for more than 10 
years by the Nebraska State Geological Survey on the Tertiary stratigraphy in 
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Nebraska, with special attention to the present acceptable stratigraphic nomenclature. 
Cogent reasons are presented for the retention of such well-known names as White 
River, Arikaree, and Ogallala, all now re-defined and elevated to group ranking. 
Certain other names as “Loup Fork”, “Loup River”, “Nebraska Beds”, “Rosebud”, 
and “Republican River” are considered obsolete. The application of fossil seed zones 
to problems of correlation is noted. 

The table of Tertiary Formations of Nebraska below presents the sum and sub- 


stance of Tertiary stratigraphy in Nebraska. 


UPPER TERTIARY AND PLEISTOCENE MOLLUSKS OF FLORIDA 
BY W. C. MANSFIELD 


Many fossil collections have been obtained recently either in place or from spoil 
banks along the Caloosahatchee River from Labelle downstream to Olga, as well as 
elsewhere on the east and west sides of the peninsula of Florida. The primary 
problem along the Caloosahatchee River was the sequence of the beds and the age 
of the faunas. Paleontologically the lowest stratum, here referred to as the Bucking- 
ham limestone, is determined to be of Miocene age; it forms an arch or ridge in the 
structure across the Caloosahatchee River. The highest point of this ridge is near 
Floweree Grove. Only Pleistocene deposits rest on the Buckingham limestone. The 
Pliocene is absent. The writer’s interpretation of the Pliocene deposits along the 
Caloosahatchee River between Fort Thompson and Fort Denaud is that they were 
laid down in a sea that advanced from the east and that was deeper below Labelle 
and shallower near Fort Denaud where a 7-foot bed contains marine, fresh-water, and 
land shells. At Fort Denaud the character of the fauna indicates a deposit close to 
the shore line. 

The Pliocene fossils formerly collected from Shell Creek probably came from more 
than a single horizon and are represented by the same horizons along the Caloosa- 
hatchee River. 

Tentatively, the Pliocene Turritella bed of Dall on the west side is considered 
equivalent to the Nashua mar! at its type locality on the east side, and the Planorbis 
rock of Dall and the marine sand below it on the west side to the bed at De Leon 
Springs on the east side. Tentatively, the beds around Sanford and Buffalo Bluff, 
now referred to the Pleistocene, on the east side are considered largely contempo- 
raneous with the bed on the west side near Punta Gorda; the North Creek bed con- 
taining a late Pleistocene fauna on the west side is considered contemporaneous with 
those at Myrtle Beach and Little River, South Carolina. 


GEOLOGIC AGE OF EARLIEST NORTH AMERICAN HIPPARION FAUNAS 


BY JOHN H. MAXSON 


Intercontinental upper Miocene and lower Pliocene correlation of nonmarine 
sections is generally regarded as dependent on equine forms and their migrations. 
Merriam and subsequently Matthew proposed considering the appearance of Hip- 
pavion as initiating the Pliocene. Difficulties appeared with the discovery of Hip- 
parion mohavense in the Puente and Mint Canyon formations of southern California. 
The Puente and the Modelo, overlying the Mint Canyon, contain upper Miocene 
foraminiferal assemblages, and the Modelo mollusks are also upper Miocene. The 
European Miocene-Pliocene boundary is commonly drawn above the Pontian s. s., 
which includes a number of Hipparion occurrences, the underlying Sarmatian being 
almost universally regarded as Miocene. But Hipparion has been reported from 
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Sarmatian levels by Borissiak and Tobien. If Hipparion is autochthonous in North 
America the presumption is clear that the earliest forms are upper Miocene, not 
Pliocene. Stirton believes that different Hipparion types were derived from different 
species of Merychippus and that the Old World forms developed from an unknown 
Asiatic Merychippus or some unspecified American Merychippus. This postulation 
of parallel evolution is unnecessary since merychippine and hipparion types inter- 
grade in California. The close morphological relationship of H. gracile (Europe), 
H. richthofeni (China), and H. mohavense indicates that migration is more probable 
than parallel evolution. Therefore it seems likely that Hipparion in California is as 
old as or somewhat older than Hipparion in Asia and in Europe. Until such a time 
as European paleontologists agree on placing both Sarmatian and Pontian in the 
Pliocene we can secure the most satisfactory correlation by considering the primitive 
Hipparion-bearing beds as upper Miocene in age. 


DEVONIAN STRATA ON EAST MARGIN OF THE EUREKA DISTRICT, NEVADA 


BY CHARLES W. MERRIAM 


Upper and later Middle Devonian strata are well exposed at Newark Mountain 
and the Alhambra Hills in the Eureka District. In the Alhambra Hills to the south, 
upper members of the Nevada formation (restricted) are, as in the type section of 
the Nevada at Modoc Peak, characterized by Stringocephalus. Here, however, at least 
three subzones of Stringocephalus were recognized within a continuous thickness of 
170 feet. Each subzone is replete with the genus. At least two species of Stringo- 
cephalus are represented: a large, heavy-shelled form in the lower subzone, smaller 
and thinner-shelled forms in the higher subzones. All are apparently quite distinct 
from the European Stringocephalus burtini. 

Overlying the Stringocephalus beds, designated as upper members of the Nevada 
formation (restricted), occur deposits of the Spirifer argentarius zone, regarded as a 
part of a higher formation having its type section at Devils Gate. The stratigraphic 
position of Spirifer engelmanni Meek is for the first time clearly established in the 
Alhambra Hills intermediate between a subzone bearing a large form of Spirifer 
argentarius ? and the small form of Spirifer argentarius regarded as typical of the 
species. A locality at the north end of the Alhambra Hills is probably best regarded 
as the type locality of Spirifer engelmanni, first obtained by the Simpson Expedi- 
tion in 1859. 

Stringocephalus beds occur on the eastern flank of Newark Mountain 1200-1500 
feet stratigraphically below beds bearing the typical form of Spirifer argentarius. 
On the west side of Newark Mountain (Hayes Canyon) the highest member of the 
“Devils Gate” succession is a coarse crinoidal limestone; overlying this, probably dis- 
conformably, the black shales constitute the lower division of the Diamond Peak 
series. The crinoidal limestone has yielded a small fauna previously unrecognized 
in the Great Basin. A comparison of this new assemblage with faunas from the 
overlying Diamond Peak series may be of value in determining the upper limit of 
the Devonian in this area. 


PERMIAN AMMONOIDS FROM THE GUADALUPE MOUNTAIN REGION 
AND ADJACENT AREAS 


BY A. K. MILLER AND W. M. FURNISH 
Comprehensive work by Philip B. King and assistants in the classic Guadalupe 


area of west Texas has yielded many Permian ammonoids which range from early 
Middle Permian to early Upper Permian, and several distinct faunal zones can be 
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recognized. he Lower Permian Hueco limestone has produced no ammonoids in 
the Guadalupes, but in the nearby Hueco Mountains equivalent beds contain repre- 
sentatives of Properrinites, Neopronorites, Artinskia, Agathiceras, Peritrochia, Glaphy- 
rites, and Metalegoceras. Perrinites, Propinacoceras, Agathiceras, Adrianites, Peri- 
trochia, and Paralecanites are found in the Bone Springs limestone of the Guadalupe 
area. This fauna is to be correlated with that of the Leonard, which contains in 
addition Medlicottia, Daraelitis, Thalassoceras, Stacheoceras, Popanoceras, Metalego- 
ceras, and Rhiphaeites. The overlying lower Delaware Mountain has yielded no 
ammonoids, but in the middle and upper Delaware Mountain faunas there are 
abundant representatives of Waagenoceras, Medlicottia, Pseudogastrioceras, Strig- 
ogoniatites, and Paralecanites. The middle Delaware Mountain is of Word age, and 
the upper Delaware Mountain is equivalent to the Capitan. Detailed studies of the 
morphology, taxonomy, and phylogeny of all the ammonoids are given, and some 
related forms are included. (Geological Society project.) 


USE OF FRAGMENTARY CRINOIDAL REMAINS IN STRATIGRAPHIC 
PALEONTOLOGY 


BY RAYMOND C. MOORE 


Crinoids are useful guide fossils, especially in Mississippian and some other Paleozoic 
rocks, but the practical value of these fossils in stratigraphic work is lessened because 
of rarity of complete specimens at a few locajities. Fragmentary crinoidal material, 
however, is common in many Paleozoic deposits. Although largely neglected by 
paleontologists because it is impossible in most cases to identify genera and species 
of crinoids from dissociated plates, there are readily observed differences between 
many of these fragments obtained from different horizons. 

Practical use of the dissociated stem fragments, calyx plates, and arm segments is 
possible if a workable basis for classification and nomenclature that does not conflict 
with the Zoological Rules can be devised. Proposals are made to this end. Classi- 
ficatory assemblages of descending rank are designated as Divisions, Main Groups, 
Groups, and Sections. Six divisions of crinoid ossicles are recognized: Columnals 
(stem segments, cirri, root structures), apicals (plates of the dorsal cup bearing a 
stem impression), facetals (plates carrying an arm facet), tegminals (identifiable ele- 
ments of the tegmen or anal sac), polygonals (other plates of calyx), and pinnates 
(arm segments). Each division is classifiable in main groups designated A, B, C, etc., 
and these in turn into groups called alpha, beta, gamma, etc. Sections of groups, 
signifying individual kinds of ossicles, are designated by Latin words. Examples of 
the designation for a certain stem fragment and of a cup plate are: Columnals-A-beta 
lineatum, Apicals-B-gamma granulosum. These are taxonomically nomina nuda in 
zoologic or paleontologic usage but provide means for description and recording the 
occurrence of almost any type of crinoid fragment without commitment as to generic 
and specific identity. 


UPPER CARBONIFEROUS AND PERMIAN CRINOIDS FROM TEXAS 
BY RAYMOND C. MOORE AND FREDERICK B. PLUMMER 


The crinoid faunas of Pennsylvanian and Permian rocks of Texas have been almost 
wholly unknown. Girty (1908) described the new genus Coenocystis, represented by 
a single species, from Upper Permian beds of western Texas; Weller (1909) described 
a Lower Permian crinoid assemblage of 11 species from the same general region, in- 
cluding a new genus Cibolocrinus; Moore and Plummer (1937) described a new 
species of Scytalocrinus from the Marble Falls limestone (lower Pennsylvanian). 
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Study of crinoids recently collected and re-study of Weller’s material have resulted 
in recognition of 30 genera (13 new), all belonging to the Family Poteriocrinitidae 
of the Inadunata except 2 genera of Flexibilia. Excluding several forms that are too 
poorly preserved for description, 86 species (73 new) are now to be recorded from the 
Pennsylvanian and Permian rocks of Texas. These come from at least 15 different 
stratigraphic horizons, and, although some are yet very inadequately worked, it 
appears that the crinoids of each zone are very easily distinguished from those of 
another. Some localities contain beautifully preserved crinoid crowns as well as 
dorsal cups. More complete knowledge of this group of fossils will aid greatly in 
correlation of Upper Carboniferous and Permian strata. 


BLACK RIVER FORMATIONS NEAR COBOCONK, ONTARIO 


BY VLADIMIR J. OKULITCH 


A detailed stratigraphic description of the Black River (Middle Ordovician) forma- 
tions near Coboconk, Ontario, is presented, together with a list of fossils found in these 
formations. Local formational names for the members are suggested, as at present, 
pending additional work in the area, no extensive correlation is attempted. 

It is concluded, however, that in all probability formations corresponding to the 
Pamelia, Lowville, and Leray (Chaumont) of the Ottawa Valley are present. 

Some new species of fossils are described. 


RELATIVE GROWTH AND VERTEBRATE PHYLOGENY 
BY FRED B. PHLEGER, JR. 


The relative growth method of analysis has been applied to a series of Recent and 
fossil mammal skulls. It is shown that k of the relative growth formula (y bz*, in 
which y is the lincar measurement of a part, z the length of the skull) is a constant 
for certain established taxonomic groups. 

Logarithmic plotting of Recent fox skulls, Felts atror and Smilodon californicus, 
demonstrates the application of the formula to this type of material. Analysis of 
measurement of the Merycoidodontidae demonstrates that different genera have 
different values for the constant in the relative growth-ratio of many characters. 
Phylogenetic relationships suggested by this method agree closely with conclusions 
reached by Thorpe on morphological grounds. 

A constant differential growth-ratio of unity indicates that phyletic increase in 
size of a part in relation to the whole proceeded on a harmonious genetic basis. A 
ratio considerably more or less than unity is shown to produce an eventual dishar- 
monious result, with sufficient increase in absolute size, and a point may be reached 
in the evolution of the group at which the correlation of parts becomes so discordant 
that extinction results. 

This method is primarily of value in suggesting or verifying phylogenetic relation- 
ships by use of characters not otherwise easily compared. Small variations in the 
numerical value of k are likely to be of no significance due to probable error intro- 
duced by faulty preservation of specimens. 


NEW PENNSYLVANIAN AMMONOID FAUNA FROM THE MILLSAP 
LAKE FORMATION (STRAWN GROUP) OF TEXAS 
BY F. B. PLUMMER AND GAYLE SCOTT 


In their monograph of Carboniferous Ammonoids of Texas the authors found few 
Strawn species. Recently, three localities in the Millsap Lake have yielded an inter- 


j 


1920 ABSTRACTS OF THE PALEONTOLOGICAL SOCIETY 


esting collection which adds to the stratigraphic and evolutionary sequence of Strawn 
ammonoids in Texas. 

The fauna contains 13 species (7 new) belonging to 9 genera (2 new) and 8 families. 
The genus Glaphyrites predominates. Praedaraelites (new species) is recorded for 
the first time from North America. Bisatoceras (recorded for first time in Texas) is 
represented by a new species. Pintoceras, ancestral to Paraschistoceras and previously 
known only from early evolutionary stages of Paraschistoceras and a poor fragment, 
is represented by good material. Gonioglyphioceras, little understood genus previously 
known from Texas by a poor fragment, is represented by two specimens permitting 
a better conception of the genus. A number of specimens of Wellerites mohri enable 
the authors to make corrections of original ideas of stratigraphic occurrence and add 
descriptive details. 

New generic groupings are suggested for some late species of Neoglyphioceratidae 
and for a group of species of Dimorphoceratidae with rounded venters and intermedi- 
ate in development and stratigraphic position between Dimorphoceras and Neodi- 
morphoceras. 

The fauna is compared with ammonoids of the Coffeyville formation (Oklahoma) 
described by Miller and Owen and with specimens figured by Morgan from the 
Atoka and associated strata of Oklahoma. 


COMPLETE SKULL OF A TITANOTHERE FROM THE LOWER OLIGOCENE 
OF SASKATCHEWAN 


BY LORIS S. RUSSELL 


The Fenley Hunter collection of 1937 for the National Museum of Canada in- 
cludes a complete skull of a titanothere, the first recovered from these deposits. It is 
of the small, brachycephalic, short-horned type, very similar to Brontops brachycepha- 
lus, as described by Osborn. In many characters it is intermediate between this species 
and B. canadensis Russell. The mode of occurrence permits some observations on 
the structure of the frontal sinus. 


SIGNIFICANCE OF SPHONDYLOPHYTON IN THE HISTORY OF THE 
EARLY SPHENOPSIDA 


BY RICHARD EVANS SCHULTES 


Among the relatively large number of vascular land plants of the Silurian and 
Lower Devonian, only several sphenopsids have been found. The lycopsids seem to 
have been well on the way toward full differentiation in the Upper Silurian (Barag- 
wanathia), but the sphenopsids have been thought to have evolved from the Lower 
Devonian psilopsid-complex through such forms as Hyenia and Calamophyton. For 
this reason, the discovery of a sphenopsid in the Lower Devonian “Psilophyton- 
flora” of Beartooth Butte, Wyoming, is of exceptional importance in establishing the 
fact that the Sphenopsida, as well as the Lycopsida, were very early differentiated and 
distinct from what is considered typically psilopsidal. This new form has been de- 
scribed as Sphondylophyton hyenioides. 

Although the relationship of the new genus to Protoannularia (or Sciadophyton), 
Climaciophyton, Hyenia, and Calamophyton can not yet be clearly established be- 
cause of the lack of fertile material, it seems probable that it is closely related to 
Hyenia. In habit it is more algal-like than the other and early sphenopsids. 

Throughout the discussion, it has been deemed advisable to collect all available 
data and diagnoses of the early supposed sphenopsids. A diagnosis of the new genus 
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and species is included because of the relatively short time elapsing between the 
present paper and the publication of the genus and species. 


PRELIMINARY REMARKS ON THE OLIGOCENE OF NEBRASKA 


BY C. BERTRAND SCHULTZ AND THOMPSON M. STOUT 


For the past few years (1931-1938) the field parties of the Nebraska State Museum, 
University of Nebraska, have been engaged in making a careful stratigraphic collection 
of vertebrate fossils from the Oligocene deposits of Nebraska. A detailed strati- 
graphic study of the Oligocene of Nebraska has also been made. In northwestern 
Nebraska the Oligocene deposits consist of the Chadron and Brule formations of 
Darton. The contact here between these two formations is now provisionally drawn 
at the base of a certain continuous purple-tinted white, sometimes silicified, limestone 
layer, which is the upper of several such limestone beds in the lower part of the local 
section. A lithologic break and in places a significant and pronounced disconformity 
divide the Brule formation into two widespread lithologic units which, it is suggested, 
should now be considered as stratigraphic members. For the lower or Oreodon zone 
portion of the Brule formation as it occurs in northwestern Nebraska the name Orella 
member is proposed. Typical exposures of this member, attaining a thickness of 
about 150 feet, are to be found about 2% miles southwest of Orella station in the 
vicinity of Toadstool Park, in sec. 8, T. 33 N., R. 53 W., Sioux County, Nebraska. 
Here the Orella member is disconformably overlain by the massive clays of the upper 
or Leptauchenia zone portion of the Brule formation for which the name Whitney 
member is proposed. This member occurs typically and attains the thickness of 
about 290 feet to the east of Toadstool Park along the escarpment near Round Top, 
in secs. 16 and 21, T. 33 N., R. 53 W., about 16 miles west and 3 miles north of Whit- 
ney, Nebraska. Certain correlations of these members of the Brule formation with 
similar divisions of the Oligocene deposits farther south in the North Platte Valley 


are suggested. 


CEPHALOPODA OF THE TRINITY GROUP OF CRETACEOUS SEDIMENTS IN TEXAS, 
NEW MEXICO, ARKANSAS, AND LOUISIANA 


BY GAYLE SCOTT 


In this paper the author considers all the ammonoid species known from strata of 
Trinity (upper Aptian and lower Albian) age in these States. All but 5 of the species 
of ammonoids are new and are referred to 17 genera (4 new) and 7 families. The 
nautiloids belong to 2 genera, one of which is new. 

Most of the material was collected from thick Trinity sections in the Quitman 
Mountain and Solitario districts of Texas, from a limited area in central Texas, and 
from thick sections exposed in the Little Hatchett Mountains, New Mexico. Cepha- 
lopods collected elsewhere are usually accidental finds. The Louisiana specimens 
were all recovered from deep wells. 

Five zones of ammonites are recognized and correlated with the upper Aptian zone 
of Dufrenoya furcata and with Spath’s Albian zones Ia, I, II, and III at Folkstone, 
England. The fauna is compared with closely related faunas in other regions, par- 
ticularly upper Aptian faunas of Mexico described by Burckhardt. 

Trinity stratigraphy in areas where Cephalopoda have been collected is briefly 
discussed. Particular attention is given to the geosynclinal deposits of the Quitman 
area of Texas where a continuous Trinity section reaches a thickness of over 12,000 
feet, and reference is made to the enormously thick ammonite-bearing section in the 
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Little Hatchett Mountains of New Mexico described by Lasky. Measured diagram- 
matic sections of the Trinity strata in the Quitman and Solitario areas establish the 
positions of the various ammonite zones. 


WISCONSIN SILURIAN BIOHERMS (ORGANIC REEFS) 
BY ROBERT R. SHROCK 


The Middle Silurian (Niagaran) of Wisconsin contains biohermal structures at 
several stratigraphic horizons. They are essentially cuboidal, domal, or ridge-like 
masses of porous and cavernous, crudely bedded and poorly jointed, barren to highly 
fossiliferous dolomites, which grade peripherally outward and vertically upward and 
downward into well-bedded, dense to saccharoidal, relatively unfossiliferous dolomites. 
The approximately contemporaneous surrounding strata, commonly thin bedded, first 
dip away from the reefy mounds at low angles, except where differential slumping 
has steepened the initial dip, and then become essentially horizontal while taking 
on the lithological character of the normal stratigraphic sequence of the region. 

The complexity of the fauna on some of the bioherms shows clearly that no single 
phylum of organisms played the dominant role in the construction. On the contrary, 
it is usually obvious that many different classes of organisms made important contri- 
butions to the growing calcareous mounds. Chief among the bioherm builders were 
algae, hydrozooid stromatoporoids, tabulate corals, camerate crinoids, cryptostomatous 
bryozoans, protrematous and telotrematous brachiopods, pelecypods, gastropods and 
cephalopods, and trilobites. 

Biohermal sites, especially at Wauwatosa, Milwaukee, and in the Cedarburg and 
Grafton vicinity, were the main sources of the large Silurian collections made by local 
amateur collectors at the end of the nineteenth century, and they still remain among 
the best collecting sites. The inter-biohermal strata may or may not be fossiliferous 
but, if they are, their fauna tends to be small and somewhat different from the typical 
biohermal assemblage. 


FAUNA OF THE VAN OSER BEDS 
BY CLINTON R. STAUFFER 


As a maximum the Van Oser beds consist of about 20 feet of coarse white to yel- 
lowish sandstone with most of the grains reconstructed quartz crystals. These beds 
form the upper portion of the Jordan sandstone and are overlain disconformably by 
the Oneota dolomite in both the Minnesota and the St. Croix valleys. Along Van 
Oser Creek, near Merriam Junction, Minnesota, these beds contain a trilobite fauna 
characterized by an abundance of Tellerina and Saukiella together with other forms 
suggestive of the Lower Jordan or Norwalk fauna. Although probably new species, 
because of their fragmentary condition they are illustrated and discussed but not 
described. 


MIDDLE DEVONIAN POLYCHAETA FROM THE LAKE ERIE DISTRICT 
BY CLINTON R. STAUFFER 


In addition to the annelid jaws which Dr. Hinde obtained from the Hamilton beds 
at Arkona, Ontario, various others have been found in the shales at the same place 
and in beds of similar age elsewhere. A number of new species are figured and de- 
scribed, thus more than doubling the known Polychaeta from that region. 
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WERE THERE TRUNKBEARING DINOSAURS? DISCUSSION OF CRANIAL 
PROTUBERANCES IN THE HADROSAURIDAE 


BY C. M. STERNBERG 


In a recent paper Martin Wilfarth expressed belief that the cranial protuberances 
in the Hadrosauridae were for the support of trunk muscles. It is known that the 
hood in the Lambeosaurinae was a result of the development of the narial tubes and 
not for muscle attachment. The external nares were probably far forward in all 
hadrosaurs. One must not depend on superficial resemblances when studying skulls 
of hadrosaurs. The writer would not expect the development of a trunk in animals 
which had elongated narial passages and a nipping beak. 


KEYSER AND HELDERBERG DEPOSITS OF PENNSYLVANIA* 
BY FRANK M. SWARTZ 


Lateral changes in Keyser and Helderberg sediments of Pennsylvania will be illus- 
trated with stratigraphic charts and isopach maps. Absence of these beds between 
Auburn and Harrisburg is attributed to a promontory of the old sea coast. 

The Keyser limestone contains a basal zone of the Cobleskill ostracode, Leperditia 
scalaris. This adds to other evidence supporting correlation of the lower Keyser and 
Cobleskill. Equivalence of the Keyser to pre-Helderberg formations of New York, 
occurrence in it of relatively few of the species on which the Devonian age of the 
Helderberg group has been advocated, and the widespread disconformity separating 
the Keyser and Coeymans limestones, favor classification of the Keyser as pre- 
Helderberg and Silurian. 

New Scotland and Port Ewen faunas occur in Perry and Northumberland counties 
in shale and chert, named Mandata formation. Neither Becraft limestone nor a 
satisfactory Becraft fauna is present. A thin cherty limestone of early New Scotland 
age underlies the shale at Mandata and is replaced by Falling Springs sandstone in 
Perry County. Elsewhere in central Pennsylvania the New Scotland fauna occurs 
only in the cherty limestone. 

Late Helderbergian limestone near Warren Point, Franklin County, has been 
considered Becraft in age. It apparently is not continuous with the type Becraft, is 
largely younger than that formation, and is named Licking Creek limestone. It is 
partly younger than beds of nearby Tonoloway Ridge, previously regarded as early 
Oriskany Shriver chert, but apparently antedates fossiliferous parts of the Shriver of 
central Pennsylvania. 

NEW SKELETON OF DIATRYMA 
BY EDWARD L. TROXELL 

Bird skeletons are rare. Perhaps two dozen individuals of Diatryma are known. 

This is the 6-foot Eocene bird that comes from Wyoming, of which only three speci- 


mens approximate complete skeletons. 
The relationships of Diatryma are variously assigned, but it is believed to belong 


with the herons. 


CURDSVILLE LIMESTONE ZONE OF THE HERMITAGE FORMATION (TRENTON GROUP) 
IN CENTRAL TENNESSEEt 


BY CHARLES W. WILSON, JR. 


At many localities in the Central Basin of Tennessee the lower part of the Hermit- 
age formation can be separated from the overlying part of the Hermitage as a distinct 


* Includes summary of study being published in Devonian volume of Pennsylvania Survey; presented 
by permission of the State Geologist of Pennsylvania. 
+t Published by permission of the State Geologist of Tennessee. 
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lithologie and faunal unit. It is believed that the name Curdsville limestone (Miller, 
1905, Curdsville Station, Mercer County, Kentucky) can be applied to this lowermost 
zone of the Trenton in Central Tennessee. 

The Curdsville limestone in Central Tennessee varies from a feather edge up to 
15 feet in thickness but averages about 4 feet. It is restricted between the western 
tip of Wilson County and the central part of Williamson County along the western 
flank of the Nashville dome and between Carthage, Smith County, and the south- 
eastern corner of Giles County along the eastern flank of the dome, being absent on 
the higher part of the dome and hence in the central part of the Central Basin. It 
overlies the Upper member of the Carters limestone (Black River group) uncon- 
formably but is conformable with the overlying zone of the Hermitage formation. 

The Curdsville limestone in Central Tennessee consists of thin beds of medium- 
grained to coarsely crystalline, moderately fossiliferous, blue to gray limestone inter- 
bedded with partings of gray shale and contrasts markedly with the blue siltstone 
member of the Hermitage. The beds of limestone vary from 1 to 10 inches in thick- 
ness with an average of 2 inches, while the shale partings range from a thin film to 
2 inches. Characteristic fossils include: Atactoporella insueta encrusting small gas- 
tropods, Prasopora patera, Dekayella praenuntia var., Stictoporella angularis, Dalma- 
nella fertilis, D. cf. rogata, Dinorthis pectinella, Heterorthis clytie, Pianodema subae- 
quata, Ctenodonta hermitagensis, Calymene senaria, and small pentamorous crinoid 
stems. 


“ORTHOGENESIS” IN AMYNODONT RHINOCEROSES 


BY HORACE ELMER WOOD, 2ND 


The amynodonts of the plains and intermontane basins of the western United 
States are an almost perfect illustration of what is sometimes called an orthogenetic 
line of evolution, with one species at each ascending level, surpassing even the horses 
or other classical examples. The closely related, contemporary, Mongolian amyno- 
donts, however, form a confused mass of ramifying side lines. It may be believed 
that this supposed universal principle is subject to sharp geographic limitations. It 
seems more in accord with the available data of genetics and paleontology, as well 
as with the customary modes of scientific reasoning, to consider “orthogenesis” a 
descriptive term applied to that minority of evolutionary series in which few or no 
side lines survived long enough to have yet been discovered by paleontologists. 
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VARIATION OF SEISMIC VELOCITIES WITHIN A SIMPLIFIED EARTH MODEL 
BY FRANCIS BIRCH 


Murnaghan’s theory of finite strain has been applied in an approximate form to a 
study of the density and velocity variations in a simplified model of the earth outside 
the core; the model consists of two homogeneous layers each at a uniform tempera- 
ture. Following Jeffreys, the layers are separated by a first-order discontinuity at a 
depth of 474 kilometers. Above 474 kilometers the variations of the velocities in this 
model are shown to be practically identical with Jeffrey’s “observed” values. ‘The 
main features of the velocity-depth curves are represented with fair precision down 
to the core. This is of course no longer true if the velocities are supposed to vary 
continuously through the 474-kilometer level. In either case, in order to reproduce 
closely the rate of change of velocity immediately below 474 kilometers a gradual 
change of composition must be introduced. The variatio: of density in the two-layer 
case is very close to that derived by Jeffreys and by Bullen by numerical integration 
of the “observed” velocities, on the supposition of adiabatic compression of homo- 
geneous layers. The validity of the Jeffreys-Bullen method is shown to depend upon 
the existence of a small temperature gradient or of compensating factors which cannot 
be evaluated. It is suggested that a more rigorous solution of the equations of motion 
derived from the theory of finite strain might prove of value in interpreting the oscil- 
latory character of seismic records as well as the direction of the ground motion 
associated with various wave types. 


RECENT ADVANCES IN SEISMOLOGY 
BY N. H. HECK 


(1) New stations and modernization of old ones. 

(2) Development of earthquake information services. 

(3) Strong motion program and possibilities of studies of structure from such records. 

(4) Ground vibraticn work. 

(5) Discussion of question of regional anomalies in transmission time of earthquake 
waves. 

(6) Continuation of triangulation and leveling in regions subject to earthquake. 

(7) Some regional projects and their relation to national program. 


DESIGN ELEMENTS OF A SELF-INTEGRATING STRONG MOTION 
ACCELEROMETER 


BY M. KING HUBBERT 


The records of present strong motion seismographs show the accelerations, d*z/dt?, 
plotted graphically as a function of time. The velocity, dx/dt, and the displacement x 
are obtained by tedious graphical single and double integrations. 

The present study concerns the problem of simplifying and shortening this proce- 
dure by employment of the analogous relations between mechanical and electrical 
quantities. Mechanical accelerations can be converted by a suitable pick-up into 
variations of electrical current or voltage. This can be transformed into variations 
of light intensity and recorded on a variable-width or variable-density sound track. 
By running this sound-track record through a photo-cell circuit at increased speed 
electrical oscillations can be produced which are a replica of those produced by the 
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earthquake except for their higher frequencies which may be set at any convenient 
level. An integrating circuit is then possible whereby these variable currents are 
integrated electrically and plotted, by means of oscillographs, into three simultaneous 
curves, of acceleration, velocity, and displacement, respectively. 

This same unintegrated sound-track record may also be used to drive a shaking 
table by means of a simple auxiliary network or to motivate an electrical network 
whose parameters are so chosen as to constitute an electrical model of a mechanical 
system upon which data are sought. 


RECENT EARTHQUAKES IN NEW ENGLAND 


BY DANIEL LINEHAN 


Following the recent inception of several seismic stations in the New England area 
with identical instruments of high magnification, a considerable number of local quakes 
have been recorded and their epicenters determined. 

This paper considers those quakes that have occurred during the past 2 years and 
treats of the seismicity of the various sections of the New England area affected, the 
travel times employed, the various problems encountered in working this area, and 
some methods used in combating these problems. 


ATTEMPT TO HARMONIZE THE SEISMOLOGICAL AND GEOLOGICAL DATA 
OF DEEP-FOCUS EARTHQUAKES 


BY JOSEPH LYNCH 


Seismologists find it necessary to postulate a depth of about 400 miles for some 
quakes. From a geological standpoint, an earthquake mechanism is difficult to picture 
at such a depth. The present paper suggests the possibility that the seismologist’s 
focus is an image of the real quake which occurs much nearer the surface. 


NEW YORK AND NEW JERSEY QUAKES OF THE NORTHEASTERN NETWORK 
BY WILLIAM A. LYNCH 


Unusual local seismic activity was registered at Fordham University during July 
and August 1938. Excellent records were obtained of disturbances felt in Connecticut, 
Westchester County, New York City, New Jersey, and Philadelphia(?). Copies of 
the records will be shown and some estimates given of the magnitude of the ground 
motion and of the energy released during the earthquake. 


PERIODICITY PHENOMENA IN DEEP-FOCUS EARTHQUAKES 
BY HOWARD V. MC MURRY 


Data were assembled for about 300 earthquakes with focal depths of not less than 
100 kilometers and for which the determination of epicentral location, time of occur- 
rence, and focal depth were considered reliable. They were analyzed collectively and 
in selected groups by the method of periodogram analysis which appeared most suit- 
able. Tests were made on periods of 6, 12, and 14 months and for correlation with 
twice the lunar and solar hour angles. The results were abnormal only for a group 
of shocks associated with foci distributed along the western coast and interior of 
South America where a high correlation with twice the lunar hour angle was found. 

‘The correlation suggested an association of tidal stress with earthquake occurrence. 
Accordingly, computations were made on the magnitude and form of the stress varia- 
tions due to earth tides. It was concluded that tidal stress variations approximate 
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harmonic changes sufficiently well to warrant a search for lunar hour angle correlation 
but are too irregular to make the statistical results of such studies valuable in further- 
ing information concerning the mechanics and environment of deep-seated earthquakes. 
The importance of other agencies in causing stress variations in the earth was 
studied. It was concluded that oceanic tidal loads and to a lesser extent erratic 
barometric changes are capable of producing stresses in the earth comparable with 
stresses due to the earth tides. The irregularity of both oceanic tidal loads and 
barometric pressure fluctuations renders them unsuitable subjects for study. 


SEISMOLOGICAL INVESTIGATIONS OF THE EARTH’S CRUST, USING 
QUARRY BLASTS 


BY L. B. SLICHTER 


A progress report is given of results to date on the observations of large quarry blasts 
in New England. With portable equipment a blast of 15 tons was successfully ob- 
served to distances of 165 kilometers at six stations. Records from six portable in- 
struments were obtained as well as synchronized records from four stationary seismic 
observatories. The results of these observations will be discussed. (Geological 


Society project.) 


2 
; 
& 
1 
a 
| 
| 
{ 
i 
i 
fi 
| 
| 


| | 

| 

| | 

| 


ABSTRACTS OF SECTION E 
JUNE 1938 MEETING 
CROPPING NORTH OF SIXTY 


BY W. D. ALBRIGHT 


The future of Canada lies in its breadth. With a known length of 3,000 miles from 
ocean to ocean the vital question for Canada is how far north her territory may prove 
habitable. 

Significant cropping results have been obtained along the Mackenzie water system 
north of the Sixtieth parallel of latitude, which bounds the four western provinces of 
the Dominion. Crab apples have ripened on 10-foot trees on the shore of Great 
Slave Lake, 526 miles north of Edmonton. Potato vines at Fort Simpson (Lat. 61° 
52’ N.) grew an inch and a half a day in early July, doubling their height in a week. 
Beyond the Arctic Circle, potatoes have yielded 300 and 400 bushels per acre. In 
two years, cereals have ripened in the Mackenzie delta well enough to reproduce. 

One surveyor estimates that perhaps 100,000 square miles of the Mackenzie Basin 
lying north of the Sixtieth parallel may some day be utilized for agriculture, prose- 
cuted, no doubt, as a secondary rather than as a primary industry. Who will utilize 
it, the white race or the yellow? Unoccupied areas constitute a standing temptation 
to the aggressive nations of the earth. The utilization of the Canadian frontier is 
not merely a national, but a continental, an Imperial and a world problem. Oppor- 
tunity beckons, but scientific method is needed. 


CORRELATIVES OF THE GRENVILLE SERIES 


BY GEORGE W. BAIN 


Logan described as the Grenville series a highly metamorphosed sedimentary series 
in the vicinity of Grenville, Quebec. His associates and geologists of a later genera- 
tion mapped similar formations in adjoining areas and extended the, distribution of 
rocks with Grenville series characteristics into southeastern Ontario and the Adiron- 
dack Mountains. 

These areas are surrounded by somewhat similar sediments, tentatively correlated 
with the Grenville series. They range from the Mendon series east of the Adiron- 
dacks, through the Bruce series northwest of the Haliburton-Bancroft area, to sedi- 
ments in northern Quebec associated with volcanics considered to be a part of the 
Keewatin. Original evidence for these diversified correlations is analysed, recent data 
collected in other work are applied to the correlation problem, and the Grenville 
series is tentatively dated as pre-volcanic in age. 


HYDROTHERMAL ALTERATIONS IN THE ROCKS OF PIGEON POINT, MINNESOTA 


BY EDSON S. BASTIN 


Microscopic studies of the rocks of Pigeon Point near the Mianesota-Canada bound- 
ary show that many of them have been highly modified subsequent to their complete 
solidification by process of hydrothermal metamorphism. When due account is 
taken of these alterations it is readily possible to classify the igneous rocks of Pigeon 
Point either as granites or as granophyric diabases, most of the so-called “intermedi- 
ate” rocks being the result of hydrothermal alteration of these two rock classes. The 
hydrothermal alterations are widespread and have affected diabases, granites, and 
the sediments of the Rove formation, but are particularly severe in the diabases. 
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The thermal solutions probably came from a deep magmatic source, very likely the 
same source from which both the diabases and the granites were derived. 


DELIMITATION OF THE GREAT LAKES BOUNDARY 
BY S. WHITTEMORE BOGGS 


In the definitive treaty of peace between the United States and Great Britain, 1783 
(art. 2), the boundary in the Great Lakes was defined along or through “the middle” 
of four of the lakes and their water communications. Doubts soon arose as to what 
was the “middle of the said . . . lakes and water communications” and as to the 
sovereignty of certain islands. The problem of determining the “middle” or median 
line in lakes and rivers is considered, and a precise definition is proposed. 

In 1896, it was declared that the boundary line, which was shown as a curved line 
on charts prepared by the commissioners under articles 6 and 7 of the treaty of 
Ghent, and upon maps endorsed by Webster and Ashburton in 1842, “appears to have 
been drawn by the aid of rule and dividers upon the charts” so that, if the charts 
had been accurate it would have been possible to locate the boundary upon the face 
of the water. The International Waterways Commission subsequently declared it 
to be impracticable to relate the line on the official boundary maps to the actual 
shores of portions of the lakes as represented upon modern charts. The treaty of 
1908 (art. 4) authorized the International Waterways Commission “to adopt, in place 
of such curved line, a series of connecting straight lines defined by distances and 
courses, and following generally the course of such curved line.” 

The water boundary as now defined in a series of connecting straight lines, ap- 
proximating the curved boundary on the early charts, will be compared with a strict 
median line plotted on recent charts of the Great Lakes. 


PRE-CAMBRIAN GYPSUM, SALT, AND NATURAL GAS IN THE 
GRENVILLE NEAR EDWARDS, NEW YORK 


BY JOHN S. BROWN 


In and around the zinc mines of the Edwards (New York) district, post-ore veinlets 
of gypsum and, occasionally, of halite are fairly common, cutting the ore and the sur- 
rounding Grenville limestone. Also noteworthy is the occurrence of small volumes 
of natural gas in some of the bands of silicated limestone in the mine workings. An 
account of these features was published some years ago, but additional data warrant 
further description. Of particular interest is the discovery of a large mass of gypsum- 
anhydrite rock apparently interstratified in the Grenville limestone. 


THE CANADIAN SHIELD AND ITS GEOGRAPHIC EFFECTS 
BY E. L. BRUCE 


The rocks of the Canadian Shield are highly metamorphosed and much disturbed. 
In early pre-Cambrian the Shield was a region of high mountains, which were reduced 
to low relief before the invasion of the Paleozoic seas. Mountains have always 
formed barriers to settlement, and even though the ancient pre-Cambrian mountains 
were nearly peneplaned, they form no exception to this rule. Difficulty of transporta- 
tion, and the fact that areas suitable for agriculture are isolated, delayed settlement 
within the Shield. 

Sudden increase in the mineral output of this great area is due to various factors, 
chief of which is the gradual extension of transportation systems. The deposits of the 
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Canadian Shield are probably, on the whole, not exceptional in quantity nor in 
grade; the difficulties imposed by the nature of the Shield upon their discovery and 
exploration has merely postponed development. 

The use of aeroplanes has made it possible to prospect areas, formerly not easily 
accessible. It will be possible economically to develop mineral deposits found in 
remote regions, only if these are of unusual kind or exceptional richness, unless, for 
purposes of national defense, the government sees fit to subsidize air transportation in 
order to train an adequate air force. 


CLIMATES OF BRITISH COLUMBIA 


BY N. F. G. DAVIS 


The K6ppen classification of climates is applied to the province of British Columbia. 
This classification is based upon annual and monthly means of temperature and pre- 
cipitation, and the climatic types are given quantitative definition. Records of these 
two climatic elements, temperature and precipitation, are readily available for me- 
teorological stations throughout the province, and a sufficient number of widely 
distributed stations now have records of thirty years or more. A study of these 
records reveals five climatic types in the province. This is exceptional for any equal 
area in other parts of the Dominion. A climatic map is included, which shows the 
boundaries of these types; their distribution is discussed, and a brief description of 
the characteristics of each is given. 


OTTAWA: CITY, RIVER, AND VALLEY 


BY JOHN A. DRESSER 


The city is picturesquely situated on a site well suited for a study of geography. 

The river, 700 miles in length, has notably served Canada as a route for explorers, 
fur-traders, lumbermen, miners, and colonists for 300 years and now affords a supply 
of hydro-electric power nearly equal to Niagara. 

The basin comprises 56,000 square miles, an area comparable to the States of New 
York and Massachusetts combined. Much of the basin is still in the wilderness stage, 
yet the annual revenue is in excess of $1,000 per square mile for the whole. 

In history the region has been the scene of many dramatic events, some of which 
were of much economic importance. 


DEVONIAN FOSSIL ZONES IN WELLS FROM SOUTHWESTERN ONTARIO 


BY MADELEINE A. FRITZ 


A systematic study of the cuttings from oil and gas wells in southwestern Ontario 
has led to the establishment of a number of reliable horizons based upon microfossils. 

Graphs have been prepared to show the consistency of the relationships of these 
horizons in several of the well-known fields. Also, a graphic comparison has been 
made between the fossil horizons and the physical horizons commonly used by the 
well drillers. 

As a result of the investigation it is suggested that one of the physical horizons 
is invalid in, at least, the Dawn field, and that another physical horizon is present 
which may be relied upon more generally. 
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FRENCH CANADIAN COUNTRY FOLK ALONG THE LOWER SAINT LAWRENCE 
BY LEON GERIN 


A series of social monographs, sketched along uniform lines and illustrative of rural 
life in the province of Quebec, includes the following types: 

1) In the lap of Old Quebec: Beauport, Beaupré, Island of Orleans. 

2) On the fringe of the Canadian Shield: Charlevoix pioneer woodsmen, gatherers 
and tillers of the heath. 

3) Lake Saint John wheat lands, betwixt the Saguenay water powers and the great 
northern wilderness. 

4) Self-contained agricultural communities bordering on the north shore of Lake 
Saint Peter. 

5) The heart of the south shore: Progressive dairymen in the wake of commerce 
and industry. 

6) The meagre hemlock strip bordering on the Appalachians: Unsettled farm and 
factory hands roving to and fro. 

7) Freeholders improving modern conditions over the southern uplands of the 


Eastern Townships. 
8) Truck farmers and gardeners on the outskirts of Montreal or in its vicinity. 


HISTORY OF THE SAINT LAWRENCE RIVER 
BY J. E. GILL 


The Saint Lawrence River had its beginning in late Devonian or early Carbon- 
iferous time as a consequent stream flowing southeastward from a low section in 
the Acadian Mountains. Favored by a natural sag in the mountains and an initially 
broad drainage basin, it cut headward through the mountain system and rapidly 
extended subsequent tributaries along the weaker rock formations. On reaching the 
crystalline rocks of the Canadian Shield, active subsequents worked eastward and 
westward along or near the contact with the Lower Paleozoic rocks. These subse- 
quents captured large drainage areas from streams which formerly headed in the 
Shickshocks and flowed toward Hudson Bay. Above Montreal, branches were 
extended through the extensive area of weak, little-deformed Paleozoic rocks and 
captured streams flowing southward off the Shield and northwestward off the Notre 
Dame Mountains. The whole area was peneplaned by the early Tertiary, upwarped 
and extensively reduced by the Pliocene. In Pliocene time, differential upwarping 
was renewed. Existing streams again cut downward actively. The Saint Lawrence, 
acting on weak rocks, reached grade and reduced the area occupied by undeformed 
Paleozoics to low relief, but probably not to a plain, before glaciation blotted it out 
temporarily. Following glaciation and the Champlain submergence, the modern 
river established its new course within the old valley, but on a new surface, formed 


of marine sediments. 


CLASSIFICATION OF PALEOZOIC SYSTEMS IN THE LIGHT 
OF THE PULSATION THEORY 


BY A. W. GRABAU 


The accompanying table shows the Pulsation Systems, together with the Inter- 
pulsation Periods, which the writer considers of equal length with the Pulsation 
Periods, thus doubling the length of Paleozoic time. Pulsations are due to the rise 
and fall of sea level. These are of about equal duration. Cause suggested is heat, 
due to radio-active processes under Panthalassa, swelling of sea bottom, lifting of 
entire water-body, transgression in geosynclines, which are sinking more or less 
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regularly. There is no reversal of movement, except in orogenesis. Sinking of sea 
level causes retreat, and it may be accompanied by folding and volcanism. Possibly, 
as heat subsides under the sea, it develops under the land. Every Interpulsation 
Period is characterized by orogeny in restricted areas, and usually by volcanism some- 
where. Both of these are entirely independent of retreatal movement, which is 
equally marked in undisturbed geosynclines. Example: 

a). Rhobellian Interpulsation Period: folding and peneplanation of Cambrovician 
(Upper Cambrian and Tremadocian). Up-building on peneplane of old voleano Rho- 
bell-Fawr: second peneplanation, spreading of Arenig Basal Sands (Eztensus or 
Hirundo Beds over the peneplane, see: Geol. Soc. London, Quart. Jour., vol. 81, p. 
463-538) . 

b). Petrovian, or 5th Interpulsation Period (St. Peter Sandstone Period). 

c). Plynlimon, or 6th Interpulsation Period, represented by 4,000 feet of conti- 
nental sediments in South Wales, between Highest Bala (Anceps Zone) and Lowest 
Silurian (Mucronatus Zone). 


CLASSIFICATION OF PALEOZOIC SYSTEMS 
Paleozoic Systems of Older 


Pulsation Systems Classification 


. Sinian or Torridonian 
1st Interpulsation Period 
ower or Transgressive 
. Taconian or Georgian { \Upper or Regressive } 
2nd Interpuleation Period 
ower or Transgressive . Cambrian 
3. Cambrian or Acadian Upper or Regressive } Middle 


3rd Samet sation Peri 


Lower 


Interpulsation Period 
wer or Transgressive 
th or Petrovian Interpu’ sation er 
6. Ordovician {yomer or Transgressive Middle Ordovician 
(restricted) Upper Regressive Upper 
6th or Interpulsation Period Le 
wer Transgressive wer 
7. Silurian (restricted) Upper Regressive Middle po 
8. Siluronian {tp : per Lower 
9. D {Lower Transgressive Middle Devonian 
. Vevonian \Upper Regressive Upper 
Period L isian) 
10. ransgressive ower (Tournaisian 
pper Regressive Middle (Chiussuan) 
Period (Vi ) Dinantian 
: A Lower Transgressive pper (Viseen 
11. Visemurian Regressive Lower (Namurian) 
11th Interpulsation Period Cartons 
19: Transgressive Middle (Moscovian) AEDORIC 
Upper Regressive Upper (Donetzian) 
ee ower Transgressive vower (Uralian 
13. Uralinskian Regressive Middle (Artinskian) 
uower Transgressive pper (Zechstein 
14, Permian Upper Regressive Supra-Permian 8.8, Tartarian 


14th Appalachian Interpulsation 
Great Terminal Period 


OBSERVATIONS AND SUGGESTIONS 
RELATING TO THE STUDY OF PALEOGEOGRAPHY 


BY ROY GRAHAM 


This paper is a plea for the making of a series of paleogeographic maps of the world 
to show: (1) the probable outlines of the lands and seas; (2) mountain ranges and 


4 
i 
| 
i 
| 
| 


1934 ABSTRACTS OF SECTION E 


extensive highlands; (3) floral and faunal provinces; (4) routes of possible migration; 
(5) climatic belts; (6) ice fields, arid regions, coal areas, and others; (7) probable 
position of the poles; (8) wind systems and ocean currents. The theories of Conti- 
nental Drift and of Polar Wandering should receive careful consideration. The 
undertaking is so great that it calls for the collaboration of research workers from 
various fields of scientific endeavor. 


ORE RESEARCH WITH THE MICROSCOPE 
BY MAURICE HAYCOCK 


This paper deals with the use of microscopic methods in the investigation of ores 
from the standpoint of the geologist as well as the mill operator. The development 
of fundamentals of microscopic technique is briefly traced, and present and future 
trends are discussed. Finally, the limitations, the scope, and the value of ore micros- 
copy to the mining industry are summarized on the basis of investigations carried 
out at the Bureau of Mines, Ottawa. 


SOME ASPECTS OF NORTHERN AIR TRANSPORTATION IN CANADA 
BY F. T. JENKINS 


Despite the sparse population of its extensive northern territory and the seasonal 
impediments to flying, Canada leads the world in carrying freight and express by air. 
It is the result of a common-sense application of modern transportation equipment to 
the natural facilities at hand for its operation, combined with a great need for 
transportation service. 

In our North country, ready-made airports are available almost anywhere. Their 
preparation began millions of years ago, with the result that today a great part of 
northern Canada is dotted with lakes. This country abounds in minerals, forests, 
water power, and other natural resources over the vast pre-Cambrian Shield, and in 
rumerous well-distributed natural landing-places for seaplanes in summer and 
skiplanes in winter. The lakes often represent more than 25 per cent of the 
surface area over broad regions, and in such districts a party can be landed at 
almost any desired point. 

In the early stages of northern air transportation, flying was confined to transpor- 
tation of forest officers on fire patrol and for transporting timber cruisers and their 
supplies; later the field included people interested in the development of our north- 
ern natural resources. Vast mineral deposits over most of our North country, valu- 
able timber stands on its southern fringe, plentiful fish, fur-bearing animals, and 
other natural resources have been powerful inducements to exploitation for cen- 
turies. Transportation has, however, always been a major difficulty. 

The airplane is meeting this problem. It has transported the geologist, prospector, 
timber cruiser, fur trader, fisherman, hydro-electric engineer, Federal and Provincial 
officers into the North country and has brought out the products of their labor. 

The most spectacular transportation development lies in the carrying of mining 
equipment and accessories. Entire mills have been transported by air. Special 
freighting machines have been developed, and air-mail and passenger services have 
been established. Hospital, police, and other services required to ensure comfort 
and order on the northern frontier are supplied by airplanes. 

The region covered by this remarkable development extends from Labrador to 
British Columbia and north to the Arctic Circle and beyond. In this broad terri- 
tory, airplanes have visited all but a few localities. Their development must in- 
evitably attend the development of northern air transportation. 
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OUTLINE OF THE GEOLOGY OF GASPE 
BY I. W. JONES 


This paper outlines the geology of Gaspé peninsula in the Province of Quebec. 
One of its main purposes is to list the extensive bibliography relating to the geology 
of this region. 

Gaspé peninsula forms the most northern part of the Appalachian physiographic 
province on the North American mainland. The rugged topography is typically 
Appalachian in character, being that of upland regions, ranging from elevations of 
1200 to 4000 feet above sea level, deeply dissected by numerous steep-sided valleys. 

Most it not all the rocks of Gaspé are of Paleozoic age. All the major periods of 
that era are represented, up to and including part of the Carboniferous. Sedimen- 
tary rocks predominate, but there are also extensive developments of igneous rocks 
of both intrusive and extrusive origin. Folding and faulting are prevalent. There 
were at least two periods of major movements—at the close of Ordovician and 
again after Lower Devonian time. 

Among the materials of economic value that have been found in Gaspé peninsula 
are: lead, zine, copper, antimony, gold, silver, asbestos, chromite, iron, limestone, 
marl, and petroleum. 


STRUCTURES NORTHEAST OF LAKE ONTARIO 
BY G. MARSHALL KAY 


Structures in the region between Lake Ontario and the crystalline region of central 
Ontario are of several types: 

1) The basal Ordovician sediments overlap northwestward on the peneplaned pre- 
Cambrian surface. Thus the peneplane had a gentle southeastward dip; the initial 
regional dip of the sediments was very low, a few feet per mile. 

2) There is local overlap of as much as 300 feet in the sediments against monad- 
nocks on the pre-sediment peneplane. Initial dips increased around these elevations, 
and, with the additional effects of compaction, dips of 20 degrees are common. 

3) The present southward regional dip increases from less than 20 feet per mile at 
the north to about 30 feet at Lake Ontario, to about 50 feet per mile across the lake 
in New York, and to nearly 100 feet at a point 50 miles south of the lake. The con- 
vergence of sediments northward in New York indicates that much or most of the 
regional dip developed during Paleozoic time. Projected northward into central 
Ontario, the dip would carry the basal Ordovician sediments to about the present 
upland surface. 

4) Sharp monoclines, lower on their northwestern sides, cut transversely north- 
eastward across the regional dip. The Picton and Parks Creek monoclines have dis- 
placements of about 200 and 100 feet; there are other structures of lesser magnitude. 
Some of the principal streams follow these structures; the Bay of Quinte is offset 
several miles by the Picton monocline; the southward projection of Prince Edward 
County is a reflection of them. Their age is not definitely known, but a similar 
structure south of the lake affects Upper Devonian sediments. 


GEOPHYSICS: A NEW FACTOR IN WORLD MINERAL ECONOMICS 
BY SHERWIN F. KELLY 


Progressive nations today must secure great quantities of metals and fuels. Lack 
of these is even now motivating imperialistic expansion, and deficiencies in the per 
capita mineral consumption by the less industrialized countries must be remedied, if 
civilization is to advance peacefully. Today, no nation is entirely self-sufficient. 
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Natural resources must be developed in order that all countries may be adequately 
supplied, and a prime incentive to war and conquest be eliminated. 

In the search for mineral resources, geophysical methods are a factor of ever- 
increasing importance and will almost certainly become the mainstay of that search. 
This is already true in the oil fields of the United States, where expenditures of 
millions of dollars on geophysical work are rewarded by discoveries of this most 
essential of all fuels. In South Africa, geophysical studies have revealed an 18-mile 
extension of the Rand gold reefs. If the values here prove commercial, the possibility 
is at once presented of increasing greatly the world’s annual production of gold. 
Magnetic methods have long been important in the exploration for iron ore in 
Europe and North America. In the search for copper and nickel, lead and zine, elec- 
trical methods are coming into ever greater use, especially in Canada, where they are 
also being applied to the search for siliceous gold ores. The electrical techniques 
are also proving useful in arid regions of Africa, Spain, Palestine, and the United 
States to locate formations which will yield potable water. 

A combination of geophysical methods has been successfully used to determine the 
extent of coal beds and potash deposits in Spain. In the same way, geophysical 
methods may be useful in the search for scarcer but important alloy metals, such as 
molybdenum, manganese, and others. 


ORIGIN OF THE KISSEYNEW GNEISS 
IN NORTHERN MANITOBA AND SASKATCHEWAN 


BY F. A. KERR 


The Kisseynew gneiss of the Flin Flon area in northern Manitoba and Saskatche- 
wan is believed to be a highly metamorphosed phase of an Archean complex equiva- 
lent to that mapped as Missi and pre-Missi in an adjacent area, where, due to less 
intense alteration, it has been found possible to differentiate many stratigraphic units, 
both igneous and sedimentary. The localized intense metamorphism is ascribed to 
structural disturbances that occurred at the close of the Archean era. 


PHENOMENA ASSOCIATED WITH THE DEVELOPMENT AND 
DISAPPEARANCE OF CERTAIN TYPES OF SNOW AND ICE 


BY E. M. KINDLE 


The annual slow-down in the transportation and deposition of sediments, which 
accompanies the arrival of winter in the northern half of the continent, is followed 
a few months later by a great acceleration in the operation of the agencies which are 
most active in the degradation of the land and the accumulation of lake and sea bot- 
tom deposits. This resting season in sedimentation coincides with the frozen season 
in Canada and Alaska. 

It is the object of this paper to indicate some of thc significant physical features 
which accompany the coming of snow and the development of thick sheets of ice 
on northern lakes and rivers. Bering Sea ice-floes and river-ice jams are included. 
Slides will indicate just how the spring break-up develops and will show examples of 
the spectacular topographic changes which sometimes develop during the “breakup” 
season. 

GEOPHYSICS APPLIED TO GEOLOGY 
BY HANS LUNDBERG 


The paper comprises a general review of the problems to which modern geophysical 
methods may be applicable, particularly the usefulness in tracing geologic features 
such as contacts, sheared zones, faults with or without displacements. 
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A number of results picked from the last two years’ surveys on the North American 
continent are shown. They include the location of sulphide bodies and quartz veins, 
the outlining of silicified zones and acid dikes, the tracing of shear zones and min- 
eralizations, as well as geologic contacts under heavy overburden and under water, 
depth determinations of overburden, and contouring of bedrock under heavy drift 
covers. 

A general analysis of the physical properties of rocks is made to illustrate the re- 
quirements for a successful solution of the geological problems. A brief review is 
made of the principles involved. It is proposed to interest the mine owners, as well 
as governments and geological institutions, so that geophysical surveys will be 
carried out over larger areas than has previously been done, in order to prove how 
useful the methods are. Examples are shown where the exploration of large areas 
with one or two geophysical methods has made it possible to solve intricate and com- 
plicated structural problems. 

It is suggested that a law or rule should be made to compel filing of geophysical 
data with the government or geological institutions in order to preserve the results 
that are valuable and in many cases have involved a considerable outlay of money. 
Otherwise, these valuable data are lost. 


CHATEAUGUAY VALLEY, SOUTHERN QUEBEC 


BY H. W. MC GERRIGLE 


The area described includes a portion of southern Quebec and an adjacent small 
area in northern New York. The geologic history is briefly reviewed, and the sug- 
gestion is made that the depression occupied partly by Chateauguay and Trout rivers 
may be the pre-glacial course of the Saint Lawrence. The human history of the area 
is outlined, and mention is made of the factors influencing early settlement, such as 
the course of the Chateauguay River, which, for a century and a quarter, has in- 
creased steadily in importance as a major line of travel between Quebec Province 


and New York State. 


PLEISTOCENE ROCK-PLAIN IN THE SOUTHWESTERN CENTRAL-LOWLANDS 
BY FRANK A. MELTON 


Linear profiles, made with the help of the National Youth Administration, the 
University of Oklahoma, and W. E. Ham, reveal a nearly flat regional rock-plain 
(peneplane) in the watersheds of the Red, Arkansas, White, Missouri, and Des 
Moines rivers. This erosional surface, which is readily correlated across divides, 
(1) cuts rocks pre-Cambrian to Pleistocene in age, (2) encircles the Oklahoma moun- 
tains and the Ozark “plateaus,” both of which are embayed by straths of this surface. 

It was formerly present in western Illinois well above the present base of Illinoian 
drift, and it seems to transect Kansan drift in northwestern Missouri. It is, hence, 
tentatively assigned a pre-Illinoian, post-Kansan age. 

The western margin is a 200- to 500-foot escarpment at the east base of the “Flint 
Hills” of Kansas, extending southward near Pawhuska, Stillwater, and Shawnee, 
Oklahoma. 

The surface has been incised by later interrupted cyclic erosion to depths of 200 
to 300 feet. It is not the oldest early Pleistocene or late Pliocene rock-plain in this 
region, though it is probably the most easily traced of all existing rock-plain 
remnants. 
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Elevation at selected points: Feet 
Arbuckle mountains, north flank............. 1000-1050 
Jefferson City, Missouri.................... 850-900 
South of Des Moines, Iowa................ 940-980 


The present average down-valley slope in the eastern Osage Plains is, in feet per 
mile, between 0.2 and 0.5 (Arkansas River), and 0.9 and 1.25 (Missouri River from 
Kansas City to Jefferson City). No statement can yet be made regarding Pleistocene 
regional tilting. 


EVOLUTION OF THE NORTHERN APPALACHIAN DRAINAGE DIVIDE 
BY H. A. MEYERHOFF AND E. W. OLMSTED 


The bi-axial alignment of the highest mountain elements in New York State and 
New England suggests a genetic relationship and initial continuity which find their 
explanation in the geomorphic history. The northern axis includes the maximum ele- 
vations of the Adirondacks, northern Green Mountains, northern White Mountains 
and their extensions into Maine. The southern axis strikes northeast, and, starting in 
the Catskill Mountains, it passes through the Taconics and southern Green Moun- 
tains into the White Mountains, where the two axes may have converged. 

The linear coincidence of areas of maximum elevation in these two zones finds 
no explanation in lithology. In the northern zone the subsilicic intrusives of the 
Adirondacks contrast with the metamorphosed sediments of the Green Mountains, 
the silicic intrusives of the White Mountains. The southern axis terminates south- 
westward in the Catskill sediments. It is impossible to assume or to claim equal 
erosional resistance for such diverse lithologic types. 

The bi-axial alignment is unrelated to structure. The northern zone is normal to 
the structural trend of the rocks; the southern zone cuts the regional structures at 
45°. The several mountain units bear no discernible relationship to the present 
drainage divide between the Saint Lawrence lowland and the New England coast; 
and, considered as local divides, most of them exhibit strikingly unbalanced relation- 
ships to the drainage. 

It is postulated that the alignment. and geographic location of the mountain units 
are direct developments of post-Permian structures and topography. If New Eng- 
land be regarded as a thrust-block mountain mass which moved on a low-angle thrust 
plane against the Adirondacks and Catskills, the aligned mountains appear to have 
developed as a forked, late Mesozoic - early Tertiary regional divide between the 
Saint Lawrence, Atlantic, and Mississippi Embayment (via the Mohawk lowland). 
Their present isolation resulted chiefly from middle or late Tertiary recession of fault 
scarps, with exposure and erosion of non-resistant rocks beneath the blocks. 


PUSHING BACK THE FRONTIER 
BY A. M. NARRAWAY 


With a brief sketch of the development and the broad scope of the aeroplane, the 
aerial camera, and its close associate, the wireless, the writer explains the practical 
’ application in Canada of the aerial photograph to the opening up and the develop- 
ment of the vast pre-Cambrian Shield. . 

More than 700,000 aerial photographs have already been taken of territory most 
of which lies in areas difficult of access but of great resources. 
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Rapid progress has been made in mapping these areas and in plotting the forests. 
The paper deals essentially with the study and application of the photographs to 
such problems as the location of roads and railways, power projects and transmission 
lines, muskrat farming, and problems of the drought areas, and soil surveys. Special 
emphasis is placed on the development of the National Photographic Air Library, 
which serves as a control basis for all uses, and on the gradual building up of an 
aerial picture of Canada available to the public for all uses. 


THE ARCTIC ARCHIPELAGO PHYSIOGRAPHIC PROVINCE 
BY D. A. NICHOLS 


The northern part of the continent of North America consists of a great group of 
islands and peninsulas lying off the mainland of Canada in the sector between 60° 
and 141° west longitude. This assemblage may be called the Arctic Archipelago 
physiographic province. 

In the west the islands are dominantly sedimentary plains and plateaux; in the 
east, there are three prongs of crystalline rocks, northerly extensions of the Labra- 
dorean ranges, flanked, in places, by plains and plateaux which have formed on sedi- 
mentary rocks. 

The coasts are intricately indented by fiords and bays, and are lined by raised 
strand-lines up to elevations of at least 860 feet, in places, showing evidence of 
uplift in post-Pleistocene time. Movements are still in progress; an interesting con- 
firmation of recent uplift is found in the position of the ancient stone ruins of the 
peoples who inhabited the territory before the present Eskimo. The position of the 
ruins in the west is such as to suggest that they were built adjacent to a coast existing 
when the sea stood at least 35 feet higher than at present. 


RETREAT OF THE LAST ICE SHEET IN THE 
CHIBOUGAMAU DISTRICT, QUEBEC 


BY G. W. H. NORMAN 


Raised shorelines, moraines, and eskers form a complete record of late glacial 
events in the Chibougamau district, Quebec. The shorelines indicate gradual shallow- 
ing of a glacial Jake in front of the ice, probably a northeasterly extension of glacial 
Lake Ojibway, from 1437 to 1300 feet above sea level. Below this elevation, shore- 
lines are not present. The moraines, spaced regularly at 500-700-foot intervals, are 
annual deposits; indicate about the same rate of recession as has been determined 
by varves in western Quebec; and show how topography introduces local irregulari. 
ties in the ice front and in its rate of recession. The smaller eskers broaden out into 
mounds at regular intervals of 500-700 feet. Annually deposited mounds are not 
displayed on the larger eskers, whose widths are nearly equal to, or greater than, the 
intervals between successive yearly fronts of the ice. 


DATA ON THE MODE OF EMPLACEMENT IN THE MONTEREGIAN HILLS 
BY F. FITZ OSBCRNE 


The vertical-walled intrusive bodies of the Monteregian hills are believed to have 
advanced along breccia pipes from foci within the pre-Cambrian basement. The 
earliest intrusives were alkaline diorites and gabbros (such as essexites, theralites) 
and did not deform the walls conspicuously. The syenitic rocks are the result of 
secretion differentiation from the earlier rocks and did deform the walls in a manner 
suggesting that they, in contrast to the earlier rocks, were under considerable pressure. 
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KILLARNEY CONTACT ZONE RESTUDIED 
BY T. T. QUIRKE 


Field and laboratory studies in review of earlier reports of the geology near 
Killarney, Ontario, lead to the following conclusions: 

Transition phases between paragneisses and parts of the Gowganda formation 
have been studied on George lake, about 8 miles from Killarney along the general 
strike of rocks of disputed origin. This group of rocks at Killarney harbor is tran- 
sitional into parts of the Lorrain quartzite. The contact line between Huronian rocks 
of familiar type and those in the Huronian-Killarnean complex is nearly straight 
from Killarney toward the southeastern corner of Wanapitei lake. The westward 
bulge in this line east of Lake Panache, shown on earlier maps, is really a concentra- 
tion of dikes and irregular tonalite masses within Huronian formations, quite distinct 
from the coarse porphyry intrusions which occur intermittently along the contact 
zone on the complex side. Statistical analyses of the phenocrysts in various banded 
gneisses between Killarney and George lake indicate that certain of these gneisses 
are sheared porphyries and others are paragneisses. 

The contact zone is complicated by intense shearing of intrusions within Huronian 
sediments older than the main displacement, followed by deep zone replacement in- 
trusion of aplitic granite, and by the injection of very coarse porphyritic granite in 
large dikes within the displacement zone, and by the intrusion of hypabyssal dikes into 
the Huronian rocks west of the line of major disturbance. All these intrusive and 
transitional rocks must be distinguished from one another in relation to the various 
recognizable Huronian formations. 


CUTLER BATHOLITH 
BY T. T. QUIRKE AND W. H. ALLEN 


The Cutler batholith, an intrusive granite mass on the north shore of Lake Huron, 
occupies about nine-tenths of the Serpent River Indian Reserve. Sudburian and 
Huronian sedimentary rocks, and the so-called Keweenawan diabase are cut by 
Killarnean granite. According to the Johannsen system of classification the granite 
is classed as biotite-sodaclase granite; according to the C. I. P. W. system, it is 
named alaskose. There are two phases to the granite: one is pale pink or a pale 
gray and decidedly sheared; the other is massive and dark gray. 

The country rocks consist of well-bedded micaceous schists and impure quartzites 
which stand in a vertical position and have a schistosity parallel with the long 
dimension of the batholith. The contact effect of the granite upon the country rock 
is very slight, indicating that the granite intruded the country rocks parallel to the 
preexisting prevailing structure. The highly schistose character of the granite indi- 
cates that it was intruded in a partly solidified condition. 

Smaller dike-like granite masses are exposed for a few miles to the east of the 
main mass. They have the same composition as the main granite mass and are also 
severely sheared at the edges. The intrusion of these apparently took place by | 
shearing past the vertical sedimentary beds, which might have slid against one another 
like the internal displacement between cards of an outspread pack. | 


DEEP-ZONE METAMORPHISM ON LOOKOUT ISLAND, GEORGIAN BAY 
BY T. T. QUIRKE AND MARY E. CARD 


The following conclusions become evident upon studying the complex structure 
of the region at Lookout Island, Georgian Bay. 
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The area has undergone deep-zone metamorphism. The axes of the various folds 
are not parallel, nor are the axial planes, some being almost at right angles to one 
another. The small folds of fine pink gneiss are much thickened at the apexes and 
much thinned along the limbs. Some sygmoidal folding is present. The entire area 
shows invasion of one gneiss along the folds of the other as by solid flow, without 
brecciation and complex fracturing. 

The rocks are granulitic paragneisses. The character of the structure of regular 
alternate banding of the granitoid gneisses, with the presence of a few chloritic 
schist bands, gives good indication that the material was originally sedimentary and 
has undergone deep-zone metamorphism in place. 


DIKE ROCKS OF THE LAKE PANACHE DISTRICT 
BY T. T. QUIRKE AND MARTIN J. DEUTH 


Southwest of the numerous granite and tonalite dikes cutting Huronian sediments 
between Shoal and Wavy lakes, there are several dikes and small masses along the 
shores and on the islands of the eastern part of Lake Panache. These rocks, together 
with somewhat larger masses at Bell and Balsam lakes farther south, lie definitely 
west of the main line of contact between Killarnean igneous intrusions and the 
Huronian sediments. The several dikes described are on the east side of the large 
island half a mile north of Sentinel Island, and on the northwest side of the northeast 
arm of the lake. 

Petrographic study of the dike rocks and of specimens from the main portion of 
the Killarnean batholiths reveals marked differences in composition and texture. 
In general the main intrusive body may be classed as sodaclase granite, sodaclase 
granodiorite, or granodiorite. The dikes, however, are quartz-rich and are classified 
as tonalite, leucotonalite, tonalite greisen, and, in one instance, as leucogranodiorite. 
The plutonic Killarnean mass exhibits a cataclastic structure indicative of great 
shearing during emplacement, whereas the dikes are equigranular and are composed 
of euhedral to subhedral crystals. The latter feature is indicative of the fluidity of 
the late stage emanations which produced the dikes. 

The composition of the dikes is similar to that of the tonalite area northeast of 
Lake Panache, extending from Wright Lake on the southwest to Wavy Lake on the 
northeast. In the northeast arm of the lake, the small mass in contact with the 
quartz diabase lies only two and a quarter miles southwest of the southern tip of the 
tonalite area at Wright Lake. Specimens taken from dikes at increasing distances 
from the granite-quartz diabase contact show progressively greater amounts of 
myrmekitic intergrowth and larger amounts of quartz. 

Freeman has postulated a reaction of the magma and the quartz-rich sediments 
to account for the quartz-rich tonalites in the area to the northeast, and it seems 
highly probable that the tonalites found at Lake Panache have a similar origin, 
being found in close association with the Mississagi quartzite. Therefore, study 
of the dikes and dike-like bodies at Lake Panache indicates an extension of the 
area of tonalite rocks to the southwest. 


PIEDMONT STREAM CAPTURE AS A RESULT OF DIFFERENCES IN LOAD 
BY JOHN L. RICH 


About 6 miles south of Red Lodge, Montana, Grove Creek emerges from the 
Beartooth Mountains and crosses a soft rock lowland at their base. A small 
tributary rising in the lowland has been able to cut to a grade considerabiy gentler 
than that of Grove Creek, which it is about to capture. This is an excellent small- 
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scale illustration of a process which is believed to be general and to be respoz2iLic 
for many of the abandoned gravel terraces that are common along the mountain 
borders. The reason for capture is that the stream from the mountains carries a 
heavy load of rock debris which requires a steep gradient for its transportation across 
the plains, whereas streams rising outside the mountains on the soft rocks have a 
load of fine sediment which can be carried on a low gradient. Such streams are, 
therefore, in position to capture those emerging from the mountains. 


GEOGRAPHY AND GEOLOGY OF THE ROTTENSTONE LAKE AREA, 
NORTHERN SASKATCHEWAN 


BY S. H. ROSS 


Rottenstone Lake is located in northern Saskatchewan. Le Pas, Manitoba, Prince 
Albert, and Rottenstone Lake, Saskatchewan, may be considered as the corners 
of an equilateral triangle 210 miles to a side, with Rottenstone Lake at the northern 
apex. The area is characterized by many lakes whose shore lines are almost con- 
tinuous rock exposures. The drainage pattern conforms to the northeast strike of the 
rocks, giving a linear topography with the ridges commonly rising 200 to 300 feet 
above valleys. The drainage is east and south to the Churchill River. In Pleistocene 
time the area was covered by an ice-sheet which moved southwest from the 
Keewatin center. 

The oldest known rocks are early pre-Cambrian volcanics and interbedded sedi- 
ments which grade into schists and gneisses. The volcanic rocks range from basalt 
to rhyolite. Some tuffs and agglomerate are associated with the flows. The sedi- 
ments are conglomerate, quartzite, and argillite. Bedding and foliation appear to 
be parallel and strike northeast. The prevailing dip is from 40 to 60 degrees north- 
west. 

Basic intrusives, chiefly amphibolites and diorites, intrude the volcanic and sedi- 
mentary rocks and are themselves cut by small granitic dikes. Biotite granite is the 
most common of the gneissic granitic intrusives which are all definitely younger than 
the sediments, volcanics, and older basic intrusives. 

Sulphides occur as replacement bodies in inclusions of schist, gneiss, diorite, and 
amphibolite. Since the inclusions are relatively small, no large bodies of ore were 
outlined, and work ceased. Pyrrhotite and pyrite are abundant, and chalcopyrite 
occurs as thin seams and veinlets cutting the pyrrhotite. 

The most promising mineral occurrence was on the southeast shore of Rotten- 
stone Lake. The discovery dome is a prominent iron-stained mound, 150 feet in 
diameter, rising 30 feet above the lake level. It is a sulphide replacement of a 
schistose inclusion in the granite. Samples from the dome gave good assays in 
copper, nickel, and the precious metals, but the limited size of the ore body made 
it unprofitable for mining. Other rusty zones in the area have been examined, with 
poor results. 

STRATIGRAPHY OF THE KNIFE LAKE SERIES 
BY J. T. STARK AND V. G. SLEIGHT 


Detailed studies of the “Knife Lake Series” in the Vermilion district of north- 
eastern Minnesota in the vicinity of Kekequabic and Ogishkemuncie lakes reveal 
two series of continental sediments separated by an unconformity of considerable 
magnitude. The sediments of the Knife Lake Series, in contrast to the Lower 
Huronian Series of the south shore of Lake Superior, are a more continental than 
marine type, more intensely folded, and are metamorphosed by intrusions of Algoman 
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granite. The unconformity within the Knife Lake Series adds one more contrasting 
feature to those previously described and supports the revised correlation in United 
States Geological Survey Professional Paper 184, that “in the absence of proved 
age relations it seems undesirable that terms like ‘Huronian’ should be extended to 
include beds representing such contrasting types of sedimentation.” However, 
nothing in the present study suggests that the Knife Lake Series is older than the 
Eparchean interval. 


HEAVY-MINERAL METHODS APPLIED TO THE PRE-CAMBRIAN 
ROCKS OF THE SOUTH SHORE OF LAKE SUPERIOR 


BY STANLEY A. TYLER AND RALPH W. MARSDEN 


On the south shore of Lake Superior, pre-Huronian and Keweenawan igneous 
rocks may be readily distinguished by the variety of zircon present. A third period 
of intrusion, post-Huronian and pre-Keweenawan, is postulated, and it is thought that 
rocks of this age may be distinguished from those of the other two periods. The 
pre-Huronian rocks are characterized by a purple zircon similar to that described by 
Mackie from the pre-Cambrian of Scotland. The post-Huronian and pre-Keweenawan 
rocks are characterized by a weakly birefringent zircon, and those of Keweenawan 
age by a euhedral, colorless to yellow zircon. The date of unroofing of these batho- 
lithic intrusions is clearly shown in the associated sediments. 

Study of the heavy accessory minerals in the Keweenawan igneous rocks shows 
that the relative percentage of the minerals changes with the rock type, and, for this 
reason, relative percentages cannot be used as a basis for correlation. The variety 
of zircon remains essentially constant, regardless of the composition, or the crystal- 
lization and cooling history of the rock. 

The detrital heavy-mineral suite in the Huronian sediments remains remarkably 
constant throughout; therefore, individual formations cannot be distinguished by 
heavy-mineral methods. However, a heavy-mineral study may be used to distinguish 
Huronian sediments from those of Keweenawan age in this area. 


SYNOPSIS OF THE GEOLOGY OF THE OTTAWA LOWLANDS 
BY A. E. WILSON 


Six main geological events have taken place in the Ottawa Lowlands. All are of 
major importance, though they are not all of equal magnitude. One of these 
events, the deposition of the Paleozoic rocks, is considered in greater detail. Mention 
is made of the method of mapping by lithological units rather than by paleontological 
horizons. A short description is given of the formations by groups, as they were 
deposited during the several sea invasions, followed by a reference to the main 
structural features. 

PROBLEMS IN METALLURGICAL RESEARCH 


BY N. A. ZIEGLER 


Specific properties of various metals, such as high electric conductivity of copper 
or ferro-magnetism of iron, make them indispensable in modern life and technology. 
The importance of metallurgical science is not well appreciated, partly because the 
craftsmanship of finished articles overshadows the excellence of material from which 
it is made, and partly because metallurgical plants are far from attractive. Never- 
theless, unless metallurgists furnish metals and alloys of modern perfection, progress 


and civilization would be impossible. 
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Iron is the most important metallurgical material because it is the principal con- 
stituent of all steels, cast irons, and other ferrous alloys, which constitute at least 
eighty yer cent of the annual production of all metals. By controlling the total 
amount of carbon and also the state in which it is present in steels, their properties 
can be varied at will. 

Until forty years ago, “plain carbon” steel dominated the industrial field. Recently, 
however, a large number of steels have been developed to which other alloying ele- 
ments, such as nickel, chromium, molybdenum, tungsten, copper, have been added to 
develop special properties. Cast-iron manufacture only recently has made spec- 
tacular progress: produced under careful control of chemical composition and 
temperature, improved cast irons are replacing more expensive steels. 

The development of non-ferrous metallurgy is by no means less spectacular than 
that of steels and cast irons. Nearly all modern copper is electrolytically refined to a 
purity resulting in correspondingly high electrical conductivity, so important in 
electrical science. Such purity also permits close control in preparation of copper 
alloys. Some of the recently developed copper alloys approximate in their properties 
those of steels. 

Aluminum, which only fifty years ago was a “precious” metal, now is available 
as a metal of commerce. 

Metals of high melting point, such as tungsten, tantalum, and molybdenum, are pre- 
pared by sintering their powders. Their principal use is in incandescent lamps and 
other high-temperature apparatus, and also in ultra-hard cutting alloys of “carbide” 
type. 

Requirements of alloys with critical properties, within narrow specification limits, 
force alloy makers to use more and more elaborate manufacturing technique. This, 
in turn, compels close co-operation with other branches of the engineering science, 
such as ceramics, combustion, mechanical and electrical designing, the importance 
of which cannot be over-estimated. 
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GEOLOGY OF SHENANDOAH NATIONAL PARK, VIRGINIA 
BY ARTHUR BEVAN AND A. 8. FURCRON 


Most of the Blue Ridge in the park area consists of granite and granodiorite 
which intrude Catoctin volcanic rocks. The granite and granodiorite are closely 
related, but most of the granite is a later facies. The pre-Cambrian age of all 
these rocks may be demonstrated in this area. Older schists and gneisses have 
been almost completely assimilated by the intrusive mass along the crest of the 
Blue Ridge. Lower Cambrian lava flows occur along the west side of the Blue Ridge 
in the park area. 

The granite and granodiorite are here correlated with the Corbin granite of 
Georgia, which, as G. W. Crickmay has shown, intrudes the Pinelog formation of 
the Talladega series. It is suggested that long-range correlation of other igneous 
types in the Appalachian region may be possible and that such studies may lead 
to some reinterpretation of the geologic history. 

The only Paleozoic sedimentary formations in the park area are those of early 
Cambrian age, though in the adjacent Shenandoah Valley to the west they range 
upward to include the basal Silurian Tuscarora quartzite. 

The crystalline mass of the park area is cut in numerous places by overthrust 
faults which are more prominent toward the Piedmon:® side. Much of the Blue Ridge 
mass has been thrust northwestward over the Paleozoic rocks along the eastern 
side of Shenandoah Valley. 

Remnants of erosion surfaces preserved along the crest of the Biue Ridge in the 
park area are conspicuously flat in places. Much of the district, however, has been 
deeply dissected into ravines, coves, and linear ridges by the headwater tributaries 
of Piedmont rivers and by Shenandoah River along the west base of the Blue Ridge. 


FELDSPAR DEPOSITS OF NORTH CAROLINA 
BY H. J. BRYSON 


The feldspars, a group of minerals which are silicates of alumina with one or 
more of the bases—potash, soda, and lime—can be divided into two chief groups, 
the potash feldspars and the lime soda feldspars. The feldspars produced in North 
Carolina are principally the potash spars. 

The feldspar deposits in North Carolina are widely distributed throughout the 
western counties, but the two principal producing areas are the Spruce Pine Dis- 
trict of Mitchell, Yancey, and Avery counties, and the Cowee District of Jackson, 
Macon, and Swain counties. 

The first feldspar produced in North Carolina was in 1911, and in the beginning 
little attention was paid to the grade of the spar. This was primarily due to the 
methods of mining and milling and the inexperience of the producers. However, 
in recent years large companies have been organized which have employed techni- 
cally trained men and have sold the product according to chemical analysis; that 
is, all feldspars are chemically controlled. 
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The feldspars produced in North Carolina come from the large bodies of peg- 
matite or graphitic granite. These bodies generally stand more or less vertical but 
sometimes lie almost flat. 

Competition from other sections of the United States, especially the Black Hills 
in South Dakota and the New England States, has caused a decrease in production. 
Also, the nepheline syenite produced in Canada comes into direct competition with 
the North Carolina spars. 

The production of feldspar in North Carolina ranges between $500,000 and 
$1,000,000 annually and has become quite an important mineral industry. 


COMPARATIVE STUDY OF ORIGIN OF TALC AND SOAPSTONE 
DEPOSITS OF VIRGINIA * 


BY J. D. BURFOOT, JR. 


In 1930, the writer stated that the talc, soapstone, and steatite and the associated 
metagabbros and metapyroxenites of Virginia were formed by the action of hydro- 
thermal solutions upon gabbros, pyroxenites, and peridotites. These solutions of 
approximately contact metamorphic intensity cooled to the temperature of the 
country rocks, when the deposits were invaded by later hydrothermal solutions. The 
tale was thought to have formed under deep to intermediate vein-zone conditions. 

In 1933, Hess concluded that the soapstone deposits at Schuyler, Virginia, were 
formed by the action of dilute hydrothermal solutions bearing COz on ultrabasic 
igneous rocks in a continuous unbroken sequence. He stressed changes in rock 
facies. Tale was considered to be the low-temperature end member of the mineral 
series. 

Neither Hess nor the writer considers that differential stress was necessary for the 
formation of tale. However, there are differences in regard to the exact composition 
of the original rocks, to certain details of mineral replacement, and to the develop- 
ment of certain textural features. 

The writer would now lay greater stress on the presence of aluminous and non- 
aluminous pyroxene in the original rock of the soapstone, on the control of the 
composition of the original rock in the production of gabbros or soapstones, and on 
the probability of first-stage alterations being caused by deuteric solutions. 


DETERMINATION OF DEEP-SEATED CRUSTAL STRUCTURE IN CALIFORNIA 
BY PERRY BYERLY 


Methods of computing structure from earthquake data are discussed and compared 
with the methods of refraction prospecting. Seismographic data in California have led 
to the following conclusions regarding deep-seated structure: 

(1) For the central and southern parts of the State the average total thickness of 
the surface layers (above the mantle) is 30 to 40 kilometers with about 15 kilometers 
of granite at the top and two or three layers below it. 

(2) Under the southern part of the Sierra there is a root which does not extend out 
under the valley on either side but only under the high part of the range. This root 
projects into the mantle—.e., below the surface layers less than 40 kilometers, probably 
considerably less. 

(3) The San Andreas fault extends north from where it broke in 1906 in Mendocino 
County at least as far as the epicenter of the earthquake of July 6, 1934 (41°26’ N, 
125°24’ W). In this region it has a dip of about 84 degrees at a.depth of about 30 
kilometers. The distribution of epicenters indicates that the seismic activity charac- 


* Published by permission of the Director of the Virginia Geological Survey. , 
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teristic of the California coastal zone does not extend north of the region near Cape 
Mendocino. It is suggested that this is due to the dying out of the fault zone where 
the continental structure ends and the Pacific structure begins. 

(4) There is some indication that the submarine scarp extending west from Cape 
Mendocino is connected with an active fault. 


THE CLIMATE OF VIRGINIA 


BY E. RAY CASTO 


Virginia is justly famed for its beauty, for its productiveness, and for its hospitality. 
The topography of Virginia is diversified. Probably nowhere else in eastern America 
within such narrow limits are found such striking examples of the relations that exist 
between the topography of a country and its climate on the physical side, and 
between the life habits and occupations of its inhabitants as shown in the response 
to the physical factors on the human side. 

Captain John Smith in his Description of Virginia (1612) gave a detailed descrip- 
tion of the climate of the land. Virginians are justly proud of the work accomplished 
by the pioneer climatologists Washington, Jefferson, and Madison. 

Climate is complex and is controlled by many factors, the more significant of 
which are sunshine, temperature, moisture, and wind. The average sunshine for 
Virginia is 59 per cent of the possible amount. The mean temperature of Virginia 
ranges from 67.5° F. in the southwestern highlands to 77.5° F. in the Coastal Plain. 
The most vital factor limiting the success of the farmer in the production of the 
majority of his crops is the average length of the growing season. The frostless 
season in Virginia ranges from an average of 149 days at Burkes Garden to 245 days 
in the cotton area of southeastern Virginia. The average annual rainfall is above 
30 inches. It is well distributed throughout the year. 


GEOLOGY AND ARTESIAN-WATER RESOURCES OF A PORTION OF THE VIRGINIA 
COASTAL PLAIN 


BY D. J. CEDERSTROM 


The area discussed, situated in southeastern Virginia, includes Southampton, 
Sussex, and Isle of Wight counties. Above the granitic basement rocks a succession 
of Cretaceous sands and clays, Eocene greensand and marl, and Miocene marl are 
found, capped by younger terraces. The position of the Eocene and Cretaceous 
strata has been determined by well logs. The Coastal Plain sediments dip gently 
seaward, but evidence points to sharp structural deformation in places, possibly 
resulting from movements of the granitic basement. 

Artesian water is derived from the upper portion of the Cretaceous sediments. 
Flowing-well areas are located near the larger rivers, and excessive waste by artesian 
flow has resulted in marked loss of head in those places. A well-defined cone of 
depression has developed around Franklin and Courtland. 

Water entering the Cretaceous strata at the Fall zone is only slightly mineralized 
but may carry excessive iron. Moving eastward it dissolves calcium from the over- 
lying marls and becomes a hard bicarbonate water. Still farther eastward the calcium 
is exchanged for sodium, and the water becomes soft. 

From two to six parts per million of fluoride are present in water at Franklin, 
Courtland, Smithfield, and some intermediate points. The source of the fluoride is 
not known. Chloride is not a problem, but continued heavy draft in some areas 
may cause intrusion of saline water. The water is used for domestic and municipal 
supplies and to a lesser extent by industries and for air conditioning. 
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RELATIONS OF COASTAL PLAIN FORMATIONS IN VICINITY OF 
RICHMOND AND EASTWARD 


BY N. H. DARTON 


Richmond, Fredericksburg, and Petersburg are Fall Line settlements situated on 
the zone where the old crystalline rocks rise above sea level. In this zone the 
formations of the Coastal Plain present considerable complexity in their relation 
and overlaps, with a wide extension of the later Tertiary deposits over the old 
rocks of the Piedmont zone. The formations, moreover, are separated by uncon- 
formities and truncations of the strata that have resulted from a succession of 
uplifts and submergences which constitute an interesting chapter in North American 
geologic history. 

The geology of the Richmond area was mapped in detail some years ago, but 
records of deep borings and new light on some of the stratigraphic relations add 
interesting data. 


METALLURGICAL INTERPRETATION OF STRUCTURES FOUND IN 
METEORIC IRONS 


BY GERHARD DERGE 


Two crystallographic mechanisms have been established for the transformation 
from the high-temperature face-centered cubic lattice of gamma iron to the low- 
temperature body-centered cubic lattice of alpha iron. Published researches on 
meteorites were not adequate to establish which of these two mechanisms operated 
in the formation of the coarse Widmanstitten patterns found in meteorites. It was 
felt that a study of these patterns in meteoric irons would contribute to the under- 
standing of these mechanisms. 

An investigation of the macro- and micro-crystalline perfection of an Amalia 
Farms and a Cafiédn Diablo meteorite proved that the latter was far better suited 
for an X-ray study of the orientation relationships in the structure. In the course 
of the research it was established that one of the mechanisms operated at high 
transformation temperatures, while the other operated at much lower temperatures. 
The orientations in the Cafién Diablo sample corresponded to those predicted by 
the high-temperature mechanism. This and other metallurgical evidence are in 
accord with the theory that the Widmanstitten patterns in meteorites are formed 
by extremely slow cooling from high temperatures. 

Recent advances in physical metallurgy have developed very useful correlations 
between rates of solid reactions and the resultant structures (coarseness of pattern), 
and between speed and temperature of plastic deformation and the type of deforma- 
tion which occurs (slip, twinning, and cleavage). The application of this knowl- 
edge, in conjunction with adequate experiments on alloys of meteoric composition, 
would undoubtedly lead to definite knowledge concerning the origin and history of 


meteorites. 


TOPOGRAPHY OF THE BURIED LAND SURFACE OF THE FORMER CONTINENT 
OF APPALACHIA: FROM SEISMIC EVIDENCE 


BY MAURICE EWING 


In the Atlantic Coastai Plain region the old land surface of Appalachia lies 
_ buried beneath the Cretaceous and post-Cretaceous sedimentary formations. On 
this buried land surface there was, before burial, a certain amount of topographic 
relief, and consequently questions have arisen both as to the depth of burial and as 
to the magnitude of the topographic inequalities upon it. 
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Recent experimentation with the refraction method of seismic surveying has 
shown that the depth and slope of this basement surface can be determined by 
this method and that something may be deducible regarding the magnitude of the 
topographic inequalities. 

To begin exploration aimed at determining how far eastward the old continent of 
Appalachia once extended and how far below sea level this former land surface 
now lies buried, three land seismic refraction profiles have been run in the Atlantic 
Coastal Plain, and two marine profile extensions have been made off shore. 

The method of study was to work from the known to the unknown. Accordingly, 
the original traverse was made from the Fall Line where the old surface out- 
crops from under the Coastal Plain to the Coast with observation points spaced 
about 5 miles apart. Thus the seismic characteristics of the buried surface were 
identified at the outcrop, and it was easily followed not only to the Coast but 
also out to sea. 

Since the original work in Virginia, profiles have been established across the 
Coastal Plain of New Jersey in two localities. One of these was located so as to 
permit a geologic check from well-log data, and the results of this check were uni- 
formly satisfactory. 

Since the early work in relatively shallow water, the marine investigations have 
been mainly the development of a technique and of instruments which would yield 
results when operating in depths of water of 3 miles or more. 

The results of the seismic investigations have shown that the surface extends 
under the Coastal Plain and the continental shelf with an increasing degree of dip 
as one progresses seaward; that the surface has about 280 feet relief; and that the 
basement rock is variable, as shown by variations in the seismic velocity. 


GEOCHEMICAL RELATIONS OF GROUND WATERS IN THE 
HOUSTON-GALVESTON AREA, TEXAS 


BY MARGARET D. FOSTER 


Ground-water supplies in the Houston-Galveston area are obtained principally 
from permeable sands in the Willis (?), Lissie, and Beaumont formations. The 
shallow waters in the different formations differ characteristically in their content 
of calcium bicarbonate and in their total mineral content. These differences may 
be correlated directly with the amount and character of soluble material in the 
sands and clays from which the waters are derived and with the organic content 
of the soils through which the waters passed in entering the formation. 

As they pass downward, the waters in all the formations show a progressive altera- 
tion in character, changing from calcium bicarbonate to sodium bicarbonate—a 
result, apparently, of reaction between the waters and base-exchange minerals in the 
sands. In waters in the Willis (?) sand, this alteration in type is accomplished by 
a continuous increase in total mineral content and in sod:um bicarbonate; in the 
waters in the Lissie and Beaumont formations there is a gradual decrease in 
calcium and magnesium, accompanied by a gradual increase in sodium, the total 
mineral content remaining fairly constant. 

The depth at which the change in character begins to take place differs in the 
different formations; it is greatest in the Willis (?), least in the Beaumont. Cal- 
cium chloride waters found in the vicinity of some of the salt domes may be at- 
tributed to the reverse of this softening process; deep salt water, moving upward 
through faults and fissures and invading the surface strata, reacts with exhausted 
shallow base-exchange minerals, exchanging its sodium for their calcium and 
magnesium. Distortion of the strata is indicated by the chemical character of 
some of the waters in the vicinity of Blue Ridge and Pierce Junction domes. 
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BEACH EROSION CONTROL AT CAPE HATTERAS, NORTH CAROLINA 
BY DONALD C. HAZLETT 


The entire coast of North Carolina, which includes Cape Hatteras, may be de- 
scribed as a chain of long, narrow barrier islands and sand spits. These barriers are 
composed principally of fine sand, range in width from a few hundred feet to several 
miles, and are separated from the mainland by a series of shallow sounds and bays. 
In many places there are sand dunes 10 to 20 feet high immediately landward from 
the beach proper. The prevailing northeast winds cause a slow but continual move- 
ment of sand, and the barrier as a whole thus migrates landward. 

It is recognized that any attempt to stop completely the migration of the barrier 
islands would be futile, but it is known that erosion can be retarded by building 
fences and causing sand to accumulate on the beach ridge, thus building it higher 
in places where severe storms have eroded it. In part of the area north of Oregon 
Inlet, for example, such work may prevent waves from washing over the barrier and 
raising to a harmful degree the salt content of the waters of Currituck Sound. It is 
important, in this particular case, that the Sound waters be kept fresh because many 
species of fresh-water fish thrive there, and the fresh-water plants that grow therein 
comprise the principal food of various species of waterfowl that spend the winter 
months in the area. 

Grass and shrubbery planting is being undertaken to anchor shifting sands on 
certain areas made barren of protective vegetation by logging, fires, and the unre- 
stricted grazing of livestock. 


EARTHQUAKE PROBLEMS OF THE COASTAL PLAIN 
BY N. H. HECK 


Although earthquakes have been few and generally of low intensity in the 
Coastal Plain, the region has claim to seismic fame as having had one of the 
great earthquakes of the United States and of the earth during historic times—the 
Charleston earthquake of 1886. Its outstanding character has been demonstrated 
by surface changes. This region should be investigated by seismic and other 
geophysical exploration methods to find out whether there was slipping at the 
surface of the basement rock. Such an investigation should not be restricted to the 
immediate locality, but there should be several profiles from the Piedmont region 
to the edge of the Continental Shelf such as that by Ewing in the latitude of 
Norfolk, Virginia. Such an investigation has promise of the key to the occurrence 
of the Charleston earthquake. 

Lesser earthquakes from New Jersey to Florida are discussed as well as the 
possibility of similar shocks on the Continental Shelf. Available seismological 
stations in the region are listed, and the need for additional stations has been 
pointed out. 


OIL SHALE IN VIRGINIA 
BY R. J. HOLDEN 


Oil shale has been located in Wise and Lee counties of Virginia by the author, 
and distillations of samples have been made. The oil shale occurs in thicknesses up 
to 3 feet in the lower portion of the Romney (Devonian), which is here folded 
and faulted. In the coal region some miles north, in flat-lying and less metamor- 
phosed sediments, the carbon ratios are 60 to 65. Carbon ratios must be 
materially higher in the oil shale region. Since ratios as high as 65 are believed 
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to indicate a degree of metamorphism so high that commercial oil will not occur, 
the presence of oil shale in such a region was not to be expected. While this shale 
is hardly of present commercial importance, its occurrence in a region of such struc- 
tural and metamorphic characteristics is a matter of interest in connection with 
problems of origin of oil and gas. A little oil of approximately 45° Baumé has 
been found not far away, and commercial gas has been encountered in a region 
somewhat to the southeast. The samples show oil up to 9 gallons per ton. Samples 
from the base of the Romney in other sections of southwest Virginia showed little 
or no oil. 


GEOMAGNETIC RECONNAISSANCE ON THE COASTAL PLAIN OF 
NORTHEASTERN NORTH CAROLINA 


BY W. R. JOHNSON, JR. 


The writer is engaged in making a geomagnetic reconnaissance survey of the 
Northeastern Coastal Plain of North Carolina. Vertical field balances of the 
Schmidt type, manufactured by the Askania Corporation, have been used, and 
three traverses across the area have been made in a general east-west direction. 
The writer believes that the profiles obtained from this survey show effects of the 
relief of the crystalline basement rocks. It is hoped that this and further work 
may yield information concerning the physiography of this area in Cretaceous time. 
Mark C. Malamphy has ascribed somewhat similar profiles to the effects of the 
relief of crystalline rocks underlying Triassic, Permian, and older formations in the 
Santa Catharina region of Brazil. 


TRACING PEGMATITE DIKES GEOPHYSICALLY 
BY W. R. JOHNSON, JR., AND H. W. STRALEY, III 


The writers have made geo-electrical and geomagnetic surveys of a pegmatite 
zone in the eastern granite belt of North Carolina with results somewhat contrary 
to those of Kondvatiev and of Liogenky. The magnetic method proved more 
satisfactory than the electrical in tracing the zone because the country rock to the 
southeast of the structure is a biotite schist of high magnetic permeability. 


EFFECTS OF MEGASHEARING IN PRE-CAMBRIAN ROCKS 
UNDERLYING THE ATLANTIC STATES 


BY ASHTON KEITH 


Deformative stresses, acting through many geologic periods, have produced 
numerous areas of diverse strains in the crustal rocks. These deformations are 
reflected in the overlying strata by many of the geomorphic elements. The areas of 
crustal strain form rude but definite alignments or zones of nearly continuous 
deformation which extend considerable distances—some even reaching entirely 
across the continent. These major structures are designated as megashears. 

Certain megashears transect several of the Eastern States with profound influence 
upon structures and topography. These States furnish fine examples of the effects 
of deformative stresses which controlled the megashears of System C, whose trends 
are northeast-southwest. This is especially noteworthy in those areas crossed by 
tectonic zones which have been designated C-17 and C-18. Within recent months, 
seismic activity has been displayed by some of the crustal blocks which lie between 
these great structures. 

Marked deformation is noted also in areas crossed by some of the megashears of 
System A, whose trends are quite uniformly north-south. That such deformative 
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stresses are still active has repeatedly been demonstrated by seismic activity within 
these zones. 

Megashears of two other systems—B and D—have had comparatively small in- 
fluence upon physiography in the Eastern States, and no effects whatever can be 
traced to tectonic zones of System E. 


DISTRIBUTION OF THE RECOGNIZED METEORITES OF NORTH AMERICA 
BY LINCOLN LA PAZ 


It is the purpose of the present paper to make a critical examination into the need 
for, and the validity of, the explanations which have been advanced to account for the 
observed lack of uniformity in the horizontal distribution of North American meteor- 
ites. It is found that the forces conjectured by Farrington to give rise to a non- 
random infall of meteorites are not competent to produce such an effect; however, it 
is exceedingly unlikely that the most important meteoritic concentration in North 
America, that in the Mt. Mitchell area, is the result of “mere chance”. Arguments 
are adduced to show that the real cause of this concentration is the vast amount of 
small-scale placer mining which has been carried on in the Southern Appalachian gold 
field, the oldest placer ground in the United States. It is probable that the same 
explanation will account for the concentration of irons along the Mexican Cordilleras, 
the oldest gold mining country on the North American Continent. On the contrary, 
the existence of such a minor meteoritic concentration as occurs in Kansas is quite 
compatible with the hypothesis that the place of find of the recognized meteorites of 
the Great Plains region constitutes a random set. 


GEOGRAPHIC AND ECONOMIC BASES FOR THE DEVELOPMENT OF DURHAM, 
NORTH CAROLINA 


BY BEN F. LEMERT 


The population of Durham has been increasing 80 per cent per decade since 1880. 
The city’s economic activities are grouped about agriculture, commerce, manufac- 
turing, education, and hospitalization. The scope of all these activities is an out- 
growth of one type of manufacture—tobacco products. From a business standpoint, 
Durham was rated one of the four best cities in the country through the depression. 
Its business stability is directly related to the type of products it has to offer. Those 
products are consumer-goods that are always in demand. 

Durham’s continued expansion depends upon industrial forces for the most part. 
Its educational development has passed its first great spurt. The industrial develop- 
ment depends upon the facilities which Durham, as a Piedmont city, has to offer. 
The types of factories that will fit into the area, economically, are limited. The 
limitations are definite yet provide a broad field. The location of the city, its access 
to power and labor supply, the climate, manufacturing costs, and transportation are 
favorable to most industries. Durham’s lack of raw materials, water and sewage 
facilities for industries requiring extensive capacity, factory and yardage space in the 
case of some industries, and nearness to markets for others, are limiting factors. 
Industrial expansion is necessary if the population increase is to be maintained and 
supported. Durham is, in many respects, a typical Piedmont city. Viewed from 
certain angles, it has decided advantages for further development. 


RELATIVE ROLES OF GEOLOGY AND GEOPHYSICS IN 
DETERMINING CRUSTAL STRUCTURE 


BY CHESTER R. LONGWELL 


Two groups of geologists hold mistaken evaluations of geophysical methods as 
aids in solution of structural problems. In one group, now diminishing in num- 
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bers, there is skepticism that geophysics can make precise and dependable con- 
tributions. A second and’ perhaps larger group errs in attributing to geophysics 
almost magical powers in searching out concealed structure, unaided by geologic 
observations. A saner and better-informed viewpoint appreciates both the value 
and the limitations of geophysics and recognizes the necessity of coordinating 
geologic and geophysical efforts. 

Two geophysical techniques, one using seismic vibrations and the other gravity 
measurements, have been found most useful in attacking structural geologic prob- 
lems. Success with either technique requires that definite geologic information 
be used as a starting-point and as a constant check. Seismic explorations of the 
continental margins start logically with preliminary tests on the land where the 
structural relations of rock masses are known accurately, and “feel their way” 
across coastal-plain cover to the sea floor. Gravimetric studies should start from 
stations located strategically with relation to known structural features and should 
take account of the full geologic history of the region. Several recent geophysical 
projects illustrate the necessity of coordinating all possible geologic information to 
be obtained from surface surveys and from borings. 

Geophysicists have equipment that can reveal hidden structural features of 
fundamental importance. It is the part of geology to give intelligent direction in 
the use of this equipment and to provide every possible key for interpretation of 


the results. 


SOME GEOPHYSICAL DATA ON THE METEOR CRATER IN ARIZONA 
BY HANS LUNDBERG 


The paper describes briefly the Meteor Crater and the geology of the surrounding 
area. A short summary is given of the various attempts to locate the buried meteor, 
including drilling, shaft sinking, etc., made prior to the present geophysical survey. 

The results and conclusions drawn from geophysical observations point to an area 
to the south of the crater as the probable location of the meteor. Here the magnetic 
anomalies indicate the presence of magnetic bodies below the present bottom of 
the crater. 

The observed geophysical anomalies cannot be explained by any known geological 
features and are believed to arise from the breaking-up of the original meteor into 
several large fragments and numerous small pieces, before coming to rest in the 
shattered ground to the south of the crater. 

A new attempt to reach the meteoric material will be started shortly. 


GEOMAGNETIC RECONNAISSANCE OF THE CAROLINA COASTAL PLAIN 
BY G. R. MACCARTHY AND H. W. STRALEY, III 


The writers have made a number of magnetometric traverses along highways across 
the Atlantic Coastal Plain between the latitudes of Myrtle Beach, South Carolina, 
and Beaufort, North Carolina. Observations have been made at intervals varying 
from 0.1 mile to 5 miles. These surveys have been connected with others in the 
Piedmont, in the Appalachian mountains and plateaus, and in northeastern North 
Carolina. Financial assistance has been obtained from the Rockefeller Foundation 
and the American Association for the Advancement of Science. 

Results to date show that there is: (1) a magnetically disturbed area in the neigh- 
borhood of the Wilmington, North Carolina, arch; (2) a magnetic depression near 
Florence, South Carolina, associated with a buried Triassic basin; and (3) a series 
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of low magnetic highs extending in an interrupted irregular line from the latitude 
of Myrtle Beach to that of Beaufort. 


DEVELOPMENT OF JESSAMINE DOME (CINCINNATI ARCH) 
BY ARTHUR C. MC FARLAN 


The development of the Jessamine dome and some of its associated structures is 
discussed. Evidence of early upwarp is found in the Mid-Ordovician (Cynthiana), 
though this movement may be local and have little significance in the later develop- 
ment of the Arch as a whole. On a larger scale is the overlap of the Mid-Devonian 
limestone. Warping and erosion prior to the deposition of the Ohio shale are shown 
in a number of oil and gas pools in both eastern and western Kentucky. That early 
arching involved no great central uplift is shown in the presence of sedimentary 
rock left by early and mid-Mississippian seas in the area of the crest of the dome. 
Similarly, that much of the present subsurface dip on the eastern flank was produced 
without central uplift and before the final folding in the late Paleozoic is shown by a 
comparison of structure drawn on the “Black shale” (subsurface) with that on the 


Pottsville, Fire Clay coal. 


POSSIBLE LATE CRETACEOUS ORIGIN OF THE CAROLINA “BAYS” 
BY FRANK A. MELTON 


Recently discovered facts of bay distribution show that they (1) are not definitely 
limited northeastward; they may extend as far as New Jersey, and are present, 
though locally obscure, on the Coastal Plain in Virginia, Maryland, and Delaware; 
(2) probably extend into Georgia but not into Alabama; (3) are best developed on 
Cretaceous rock in the Carolinas; (4) are less evident but definitely present in post- 
Cretaceous rock, especially where Cretaceous is not deep (1500 feet—) ; (5) are absent 
where Cretaceous is deeply buried—southern South Carolina, southern Georgia, 
Florida; (6) are well developed to within a few miles of the “Fall Line” and probably 
are present on crystalline rock in Wilson and Halifax counties, North Carolina. 

Bay relationships to Pamlico and older beach ridges demonstrate slow but repeated 
slight settling of the basins. They are not found among the most recent beach ridges. 

That bays are not normal sinks in soluble rock is shown by many facts. They show 
no relationship whatever to joints or fracture zones as do sinks in karst regions; they 
are too large and too regular in shape to resemble true solution sinks. Typical bays 
are not present even in nearby regions, where soluble limestone is abundant. 

The rims are features of Pleistocene and Recent ocean wave and current activity 
during times of submergence and are much younger than the bays themselves. Wind 
work has had practically no influence in building the rims; on the contrary, it has 
partially destroyed them at many places. 

If the supposed impact occurred near the end of Cretaceous time, as the distribution 
of bays seems to indicate, it will be necessary critically to re-examine the fundamental 
causes of diastrophism, and possibly to rewrite the geologic history of post-Cretaceous 
time. 

TERTIARY MARINE PLANATION IN THE PIEDMONT AND SOUTHERN 
NEW ENGLAND 


BY H. A. MEYERHOFF AND E. W. OLMSTED 


Profile and field studies extending from Virginia to Mainé reveal an extensive 
erosional surface which, from all available physiographic evidence, appears to be 
Miocene in age and marine in origin. It bevels much of the Piedmont, southern 
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Connecticut as far north as Middletown, Rhode Island, and eastern Massachusetts 
as far as Worcester. Lower and younger levels of less extent indicate late Tertiary 
and Quaternary uplifts of the continental margin, as described 25 years ago by Barrell. 
These successive uplifts are reflected in the streams by well-defined knickpoints or 
cyclical breaks. 

Analysis of stream gradients suggests that the break at the Fall Line is cyclical in 
character and that its coincidence with the contact between crystallines and coastal 
plain sediments is only apparent. Gradation is normally rapid in non-resistant sedi- 
ments and slow in crystalline rocks. Hence knickpoints of cyclical origin have receded 
to the Fall Line in most streams, but in the larger rivers like the Potomac they have 
receded as much as 20 miles upstream from the crystalline-sedimentary contact. 

The work accomplished thus far suggests that (1) A cyclical interpretation of the 
Fall Line accounts for its peculiarities more satisfactorily than other explanations 
of its origin; (2) the extensive marine erosional surface may correlate with Miocene 
stratigraphic features recently described by Darton; (3) this Miocene (?) marine 
overlap explains not ouly the lower course of the Connecticut River but also the 
features of stream superposition in northern New Jersey and other fluvial irregulari- 
ties in the Piedmont and southern New England. 


ROCKS AND MINERALS OF AMHERST COUNTY, VIRGINIA * 
BY CHARLES H. MOORE, JR. 


The rocks of Amherst County are of two main groups. Those to the west of the 
Blue Ridge are mostly Cambrian stratified rocks, whereas those to the east are pre- 
Cambrian metasediments and somewhat metamorphosed igneous intrusives and 
flows. 

The rocks of the region, as tentatively recognized, are the Lovingston granite 
gneiss; hypersthene granodiorite (with its various facies); Cambrian schists, quartz- 
ites, and shales; and metagabbro and metapyroxenite bodies. 

The hypersthene granodiorite is the most interesting rock in that part of the 
county east of the Blue Ridge. Two bodies of it occur, separated by rock that 
appears to be altered Lovingston. This rock appears to possess characteristics of 
both the Lovingston and the granodiorite. In the northern part of the county the 
smaller granodiorite body is in contact with the anorthosite. The present field work 
indicates that the anorthosite is not a separate intrusion, as has been supposed, but 
is closely related genetically to the granodiorite. 

Two kinds of mineral concentration occur in the area. In the southeastern part 
of the county a body of basic igneous rock, along its contact with the Lynchburg 
gneiss, shows copper minerals, tremolite, chlorite, and mica scattered for about 5 
miles. A deposit of magnetite and ilmenite, with the latter mineral apparently 
predominating, occurs in the lighter-colored portion of the smaller granodiorite body, 
in the central part of the county. Other areas of these two minerals were found in 
the main granodiorite body. 


TOPOGRAPHY OF APPALACHIA FROM GEOLOGIC EVIDENCE 
BY WILBUR A. NELSON 
Western Appalachia was an area of high relief during part of pre-Cambrian time 


and again during Lower Cambrian time, as angular unconformity and two Lower 
Cambrian metabasaltic flows in Virginia indicate warping and igneous activity. 


* Published by permission of the Director of the Virginia Geological Survey. 
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During the Upper Cambrian and most of the Ordovician, western Appalachia was 
an area of low relief. There was volcanic activity during the Ordovician and warping 
at its close. A period of late Paleozoic warping and thrust faulting raised the west 
margin of southern Appalachia to exceedingly high elevations. 

From Pennsylvanian until Triassic time Appalachia suffered erosion. At the 
beginning of the Triassic, tensional faulting depressed large blocks of Appalachia. 
Triassic sediments deposited at this time were later tilted northwestward and in- 
truded by sheets and dikes of diabase. These became the resistant rocks of northern 
Appalachia and formed ridges of high relief from that time to the present except 
during periods of peneplanation. Intermittent uplifts since Triassic time are inferred 
from the remnants of these uplifted peneplanes forming the crest of the Blue Ridge 
and other lower ridges. 

During Cretaceous time eastern Appalachia was down-warped, and the eastern 
shore of the restricted continent was low. The pre-Cretaceous topography of one 
portion of eastern Appalachia has been shown in detail by contours at the base of 
the Cretaceous gravels on the basement complex in the Baltimore district. Eastern 
Appalachia was sharply down-warped in post-Cretaceous time, and sedimentation 
has kept pace with depression ever since. 

From the correlation of well data along the present coastal plain the topographic 
relief of buried Appalachia has been worked out for post-Cretaceous, Eocene, and 
Miocene time. Normal faulting, which started in Triassic time, has influenced the 
topography of Appalachia from that date to the present, and some of the terrace 
scarps along the Atlantic give every indication, from a correlation of well logs as 
well as gravity anomalies, of being fault scarps instead of wave-cut terraces. 


OBSERVATIONS AND SUGGESTIONS REGARDING METEORITE CRATERS 
BY H. H. NININGER 


Comparison of observations at the Arizona crater, the Odessa, Texas, crater, and 
the excavation of the Haviland, Kansas, crater with published descriptions of meteorite 
craters in other parts of the world leads the writer to conclude that: 

(1) Not all meteorite craters will fit any one set of specifications. They may be 
expected to represent all degrees of explosion from those in which the meteorites 
remain essentially intact but throw off numerous fragments when they enter the soil 
to those which are almost entirely reduced to dust and gases. 

(2) Meteorite craters are circular in form, but there are some in which, because of 
low angle of incidence and consequent lengthened paths through the atmosphere, the 
outlines of the craters produced are elliptical. as in the Haviland crater. 

(3) The mass of material involved in the production of a crater of a given size 
may be very much larger than the theoretical figures arrived at Ly mathematicians. 
The actual recovered material in the Haviland crater, together with fragments found 
in the surrounding soil, was several times greater than any of the published estimates 
would justify. 

Many more craters must be thoroughly explored before we may safely generalize 
as to the exact nature of their formation. 


POPULATION MAPS OF SOUTH CAROLINA: AN EXHIBIT 
BY JULIAN J. PETTY 


In connection with a population study of South Carolina made for the State 
Planning Board, maps and charts showing distribution of various elements of the 
State’s population were prepared, several of which are here exhibited. 


: 
| 
| 


ABSTRACTS 1957 


A series of seven dot-maps on a scale of 1:500,000 shows the distribution of people 
by minor civil divisions for each census, beginning with 1870, and a similar map 
shows the distribution of negroes for 1930. In this series the rural population is 
shown by dots, each dot representing 25 inhabitants, and the urban population is 
represented by circles with areas proportional to the number of people in the cities 
or towns. Another series of four maps on a scale of 1:1,000,000 shows by minor 
civil divisions the areas of increase or decrease of population for 1900-1910, 1910- 
1920, and 1920-1930. Two maps show the per cent increase or decrease for the 1920- 
1930 period. A set of three maps shows by counties in per cent the relation of the 
1930 census population to the expected population based on the 1920 census plus the 
excess of births over deaths between 1920 and 1930. These maps show the extent of 
migration into or out of the counties for the white and negro population. 


ORIGIN OF ELLIPTICAL BAYS OF ATLANTIC COASTAL PLAIN AREA 


BY WILLIAM F. PROUTY 


The theories of origin of the so-called “Carolina Bays” are (1) the wind-current 
theory, (2) the solution-wind theory, and (3) the meteoritic theory. 

After careful study of the “Carolina Bays” over a period of several years, the writer 
and his associates strongly support a somewhat modified meteoritic theory, which 
differs from the theory advocated by Melton and Schriever only in assuming that 
the shallow, elliptical sand-rimmed depressions were formed chiefly by the violent 
atmospheric movements accompanying the fall of one or several comparatively small 
meteoritic masses in each of these bays. No direct evidence, such as meteoritic 
masses or fused glass, has been found, nor should such be expected under the conditions. 

Of all the lines of evidence so far discovered, that furnished by magnetometric 
surveys is perhaps the most nearly positive. This is especially true of the grid survey 
recently made in the area about Syracuse, South Carolina. Other interesting lines of 
evidence are experiments with projectiles shot at varying angles into different types 
of materials, field study of bays and sinks in all parts of the bay area, and the cross 
section of two overlapping small bays along the Intercoastal Waterway. The writer's 
observations of facts regarding the bays are in agreement with the modified meteoritic 
theory. 


MARINE PLEISTOCENE OF THE ATLANTIC AND GULF COAST 


BY HORACE G. RICHARDS 


A series of Pleistocene terraces occurs along the Atlantic coast of the United States 
south of the Terminal Moraine. Marine fossils are found only in the lowest terrace 
deposit—the Pamlico—with shore line at 25 feet. The terrace aspect is much less 
distinct north of Maryland, but it is suggested that the Cape May formation of 
New Jersey can be correlated with the Pamlico. Paleontological and stratigraphic 
evidence suggests that these deposits date from the last major interglacial stage. 

This same terrace occurs on both coasts of Florida and probably extends along 
the coast of Alabama and Mississippi. It is probable that some tilting has occurred 
along the Gulf Coast owing to the weight of the sediments brought down by the 
Mississippi River. This tilting is pronounced in the vicinity of the Mississippi 
Delta where marine Pleistocene fossils are known to the depth of — 2400 feet. The 
depression caused by the Mississippi River is apparently limited in extent, and 
marine fossils are again found above the surface in southwestern Louisiana and 
Texas. 
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RECONSIDERATION OF THE DATING OF THE ABBOTT FARM SITE AT TRENTON, 
NEW JERSEY 


BY HORACE G. RICHARDS 


For more than 50 years this has been one of the most controversial of all Ameri- 
can archaeological sites and was once regarded as the best or only proof of paleo- 
lithic man in the New World. Three cultural layers were originally described by 
Dr. Abbott: (1) A paleolithic culture in the “Trenton Gravels”—outwash from the 
Wisconsin glacial deposits, (2) the “Argillite Culture” in the overlying pebbly 
Yellow Sand, regarded as of considerable antiquity, and (3) the culture of the 
modern Delaware Indians in the surface black soil. 

The site has been restudied in the light of modern geological and archaeological 
knowledge. No evidence is found favoring the existence of a paleolithic culture; 
many of the so-called paleoliths are regarded as unfinished implements of much 
later age. Furthermore no evidence is found for the separation of the Argillite 
Culture from that of the modern Delaware Indians. 

The problem resolves itself into a discussion of the origin and age of the pebbly 
yellow sand containing the artifacts. Deposition by wind and by water are con- 
sidered, but there appear to be definite objections to both theories. An alternate 
theory is suggested to account for the deposit by a combination of aeolian action 
and slope wash from the nearby local hills; the assumption is made that the topog- 
raphy was then slightly more hummocky than at present. A certain number of 
the pebbles might have been brought in by the Indians. This theory would assume 
no great antiquity and is in line with the archaeological evidence. 


TRIASSIC ROCKS OF VIRGINIA 


BY JOSEPH K. ROBERTS 


Three areas of Triassic rock in Virginia lie from 25 to 30 miles east of, and parallel 
to, the Blue Ridge, and two coal-bearing areas lie near the Fall zone with small out- 
liers, the former known as the Potomac, Scottsville, and Danville, and the latter as 
the Richmond and Farmville areas. Piedmont crystallines surround all the areas 
and have contributed largely to Triassic sedimentation. 

The Triassic rocks are well consolidated and comprise conglomerates, sandstones, 
and shales of several varieties with workable beds of coal in the Richmond areas 
and thin unworkable seams in the Farmville area. The sedimentary rocks are intruded 
by dikes and other bodies of diabase and basalt. Most of the rocks are red with 
subordinate amounts of gray conglomerate and sandstone, and carbonaceous shale. 

The rocks dip westward to northwestward at 15 to 25 degrees generally and strike 
approximately parallel to the extent of the Appalachian Mountains. Normal faulting 
has occurred along the west border, and there has been much duplication across the 
areas by northeastwardly trending faults, which are often difficult to locate in the 
presence of so much weathering, poor exposures, and the lack of persistent strata. 
All the areas have undergone profound erosion. 

The fossil floras indicate that the beds are of about Keuper age. Fossil faunas are 
scarce; no fish remains have been found since the early coal pits were abandoned. 
Fossil plants abound in the Richmond area, and recently dinosaur tracks have been 
found in the Potomac area. Geophysical studies can add much to our knowledge 
of the basins. 
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LATE TERTIARY MARINE FORMATION IN NORTHEASTERN TIDEWATER 
VIRGINIA AND SOUTHERN MARYLAND 


BY LLOYD W. STEPHENSON AND F. STEARNS MAC NEIL 


In northeastern Tidewater Virginia and in Southern Maryland the gray un- 
weathered marine marls, clays, and sands of the Chesapeake group (Miocene) ex- 
posed in high bluffs on Rappahannock and Potomac rivers and on Chesapeake 
Bay are overlain by 50 to 60 feet or more of sand and gravel. Previous investi- 
gators have treated this sand and gravel as one unit and referred it to either the 
so-called Lafayette formation (Pliocene) or to the Sunderland formation (Pleisto- 
cene). The present authors separate the sand and gravel section into two forma- 
tions. 

The lower formation consists of 40 to 50 feet of strikingly soft, loose, medium to 
coarse sand with interbedded lenses of gravel, and subordinate light-gray clay part- 
ings. Glauconite is present in places. The basal bed is a fine gravel that rests 
unconformably on the unweathered Miocene, transgressing northwestward across 
both the St. Marys and Choptank formations. Locally the materials are indurated 
to ferruginous sandstone and conglomerate, one such mass at Horsehead Cliff, 
Virginia, yielding an impression of Halymenites major Lesquereux. This fossil, a 
supposed marine organism, together with the glauconite, the clay laminae, and the 
soft, loose texture of the sand, is interpreted to indicate the shallow marine origin 
of the formation. 

Unconformably above the marine sand in the higher bluffs is 10 to 20 feet of 
medium to coarse, more or less ferruginous sand, lenses of gravel, with scattered 
pebbles and cobbles of quartz and boulders of crystalline rock along the base. The 
sands and gravels are locally indurated with iron oxide cement. This unit is in- 
terpreted to be the Sunderland formation—a Pleistocene terrace deposit. 

Since the lower of the two formations is limited below by the St. Marys forma- 
tion and above by the Sunderland formation, it is interpreted to be either a north- 
ward extension of the Yorktown formation (Miocene) or a formation of Pliocene 
age. Yorktown fossils have been found within a few miles of a known outcrop of 
the sand and gravel at an altitude that might place the containing bed within the 
stratigraphic limits of that formation. 


TIME PROBLEM IN CONNECTION WITH GEOPHYSICAL STUDY OF 
CRUSTAL STRUCTURE 


BY HARLAN T. STETSON 


Gravimeters have been developed sufficiently sensitive for recording tidal move- 
ments in the earth’s crust in the vertical direction. To detect and record possible 
tangential movements involves the measurement of geographical coordinates by 
precise astronomical methods. 

Extensive studies of longitude variations between the two sides of the Atlantic 
give some promise that the necessary degree of precision can be attained. The 
determination of longitude differences, for example, between Greenwich and Wash- 
ington, rests essentially upon the comparison of time determinations deduced from 
the transits of stars over the respective meridians. To compare time so determined, 
however, requires the immediate intercommunication of the results by radio signals. 
Making allowances for such known factors as could render apparent differences in 
longitude variable, residuals resulting suggest periodic displacements that may be 
related to crustal tides. 

The reality of physical displacements corresponding to the observed periodic 
changes in longitude rests upon the assumption that the velocity of propagation 
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of radio signals is the same in either direction over the connecting great-circle arc. 
For lower radio frequencies there appears at present no definite evidence against 
such an assumption. The assumption, however, is so important and fundamental 
that experimental investigation of its validity is paramount. 

The possibility that information may come relative to the nature, causes, and 
amounts of differential horizontal movements of parts of the earth’s crust from such 
study emphasizes the need for continued daily interchange of time signals between 
the United States and Europe. Since astronomical methods appear to be the only 
ones capable of checking displacements of the plumb line referred to fundamental 
coordinates in space, the problem becomes important from the geophysical point of 
view when crustal structure is concerned. 

A special committee of the American Geophysical Union recently set up for the 
study of Cosmic Terrestrial Relationships will undertake investigation and evalua- 
tion of present available data with a view to collaboration with the work of the 
two other special committees—one, the Committee on the Geophysical and Geo- 
logical Study of Ocean Basins and the other, a similar committee for the Study of 
Continental Areas. 


CONTINENTAL SHELF OFF EASTERN UNITED STATES: PRESENT 
KNOWLEDGE AND FUTURE PROBLEMS 


or BY H. C. STETSON 


The east coast continental shelf and slope have been studied by means of surface 
samples, long cores, rock fragments dredged from walls of submarine canyons, and 
very recently by seismic methods. The arrangement of sediments on the shelf, their 

. source, the profile of equilibrium and depth of wave action will be discussed. It is 
evident that the sedimentary conditions which produced the Coastal Plain are 
still in operation. 

Long cores taken on the slope, for the purpose of correlating conditions of deposi- 
tion here with those of the Atlantic basin, show that everywhere a cold-water fauna 
lies a few feet below the present-day warm-water fauna. In some cases two alterna- 
tions of warm- and cold-water forms are found. Present-day sediments are very 

ae different from those of the immediate past. Occasionally the cover of Recent and 
| = Pleistocene sediments has been penetrated, and older sediments have been reached. 


Bed rock has been dredged from the Georges Bank Canyons indicating a succession 
from Upper Cretaceous through late Pliocene. In the valleys south of the Hudson 
the mantle of what is presumed to be Pleistocene deposition is too thick to be 
penetrated. 

Seismic technique has been adapted for use at sea both in deep and shallow water. 
Some data have been obtained in the shallow water over the shelf; but on the slope 
and in the ocean basin, work has scarcely progressed beyond the experimental stage. 

The immediate problems will be discussed, and the present limitations indicated. 


INTRUSIVE COMPLEX NEAR NORTHAMPTON, MASSACHUSETTS 


BY HELEN STOBBE 


In the western upland bordering the Connecticut Valley near Northampton, 
Massachusetts, the following igneous rocks outcrop in an area approximating 9 
square miles: muscovite, granite, biotite granite, muscovite-biotite granite, grano- 
diorite, quartz diorite, diorite, and hornblendite. In this group is the Belchertown 
tonalite, which has been made the object of a detailed study. 
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Dike rocks of various compositions and textures, and stringers of quartz and 
epidote cut the mass, as well as barite-quartz veins which contain galena and 
sphalerite. Schist inclusions in the intrusive are common. To the southwest the 
mass is in contact with the Williamsburg granite, which covers about 40 square 
miles, and which is more uniform in composition. To the north and northwest 
the rock is in contact with the Leyden argillite. The entire eastern and a portion 
of the southern boundary are covered with Quaternary sediments. There is evidence 
of considerable faulting and fracturing within the mass itself. 

The occurrence of two such contrasted igneous types in proximity presents prob- 
lems as to their origin and as to the possibilities of genetic relationship. The area 
is being mapped in detail to determine whether any alignment in the various igneous 
types can be traced and correlated with sedimentary strata at the intrusive contacts 
and whether assimilation of country rock has played a part in the origin of the 
various rock types; or if, from the evidence obtained and from microscopic study, 
some form of the magmatic differentiation theory must be applied to account for 
the difference between the two main intrusives and those within the smaller 
tonalite intrusive. 


PRE-CAMBRIAN ROCKS AND THEIR LATE-PALEOZOIC DEFORMATION IN THE 
BLUE RIDGE AND BLUE RIDGE PLATEAU, VIRGINIA 


BY ANNA JONAS STOSE 


Rocks of known pre-Cambrian age occur in two major anticlinoria in Virginia. 
The northern or Blue Ridge anticlinorium enters Virginia east of the Great Valley, 
and southwest to Roanoke includes the Blue Ridge proper and part of the Piedmont 
region of the foothills lying east of the Blue Ridge crest. Southwest of Roanoke 
another anticlinorium, the Mt. Rogers, lies northwest of the Blue Ridge uplift in 
the Blue Ridge Plateau. 

The pre-Cambrian rocks of both anticlinoria are similar and comprise metamor- 
phosed sediments and diorite into which granite intruded during a period of folding 
and metamorphism that converted the sediments into crystalline schists. The 
granite, with shreds of the older rocks, formed mixed and injection gneisses and 
replaced the diorite forming granodiorite. Extrusive rocks, with tuffs and sediments 
at the base, covered the injection complex in late pre-Cambrian time. Both series 
received the deposition of Lower Cambrian sediments. 

The major folds and overthrust faults of the anticlinoria are late Paleozoic. The 
Blue Ridge anticlinorium is thrust northwest on the Blue Ridge, thrust over the 
rocks of the Great Valley from Maryland to Roanoke, and southwestward it has 
overridden the Mt. Rogers anticlinorium which there lies northwest of it. The 
Mt. Rogers anticlinorium also has moved northwestward on the Holston Mountain 
overthrust over rocks of the Great Valley sequence, and these underlying rocks are 
exposed in a window in the Holston Mountain overthrust in southwestern Virginia 
and Tennessee. The Blue Ridge overthrust block, southwest of Roanoke, is over- 
ridden by a series of late pre-Cambrian mica gneiss and amphibolite rocks contain- 
ing the ore bodies of the Great Gossan Lead. 


LATE PRE-CAMBRIAN VOLCANIC ROCKS AND LOWER CAMBRIAN SEDIMENTS 
IN THE BLUE RIDGE PROVINCE OF VIRGINIA AND MARYLAND 


BY GEORGE W. STOSE 


In the Blue Ridge-Catoctin Mountain anticlinorium in Maryland and northern 
Virginia late pre-Cambrian volcanic flows and tuffs occupy a wide area. In northern 
Maryland both rhyolite and metabasalt flows and tuffs occur. Southwestward in 
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Maryland and Virginia metabasalt flows, with tuffs and associated sediments near 
the base, border the older injection complex exposed in anticlines. In the Mt. 
Rogers anticlinorium rhyolite flows predominate and form wide areas comprising 
Whitetop and Mt. Rogers. They are overlain on their borders by rhyolite tuff and 
associated red slate, arkose, and conglomerate which show little metamorphism. 
Related dikes of similar composition cut the older injection complex on which the 
volcanics lie. 

Lower Cambrian quartzose sediments unconformably overlie both the volcanic 
series and the older injection complex and vary in facies along the strike as well as 
in the different orogenic blocks. In the Blue Ridge-Catoctin Mountain anticlinorium 
the lower quartzites occur in synclines. Southwest of Front Royal the basal Cam- 
brian Unicoi formation in both the Blue Ridge and the Mt. Rogers anticlinoria 
contains a basalt flow. Southwest of Roanoke the full Lower Cambrian quartzose 
series is enclosed in synclines in the western part of the Mt. Rogers anticlinorium 
on the western edge of the Holston Mountain overthrust, where the folds are broken 
by minor thrust faults. West of the Harpers Ferry, Blue Ridge, and Holston Moun- 
tain overthrusts the Lower Cambrian quartzose series is exposed in anticlines that 
rise out of the limestone of the Great Valley. 


SANDS OF THE JAMES RIVER 
BY MARCELLUS H. STOW 


A study of samples of sand collected from the James River of Virginia between 
Clifton Forge, Alleghany County, and Smithfield, Isle of Wight County, shows a dis- 
tinct correlation between stream sediments and country rock of the adjacent drainage 
area. There is a marked difference in the mineral content of the sands derived 
from the rocks of the four principal physiographic provinces—viz., the sedimentary 
rocks of the Valley and Ridge, the igneous rocks of the Blue Ridge, the metamorphic 
rocks of the Piedmont, and the sedimentary rocks of the Coastal Plain. 


GEOMAGNETIC RECONNAISSANCE IN THE APPALACHIAN MOUNTAINS 


BY H. W. STRALEY, III 


Gravitational and magnetic field work in the Appalachian region indicates the 
possibility that the major anticlines are not cored with igneous and/or crystalline 
metamorphic rocks of high density or magnetic permeability. Experimental studies 
suggest that the anticlines west of the Blue Ridge fault may be localized over thrust- 
fault blocks of sedimentary rock that have suffered fragmentation. It is suggested 
that the Blue Ridge fault block acted as a plunger, before which the Paleozoic 
sedimentary rocks were folded and faulted as they were pushed westward toward 
the edge of the Appalachian wedge. 


GRAVITATIONAL DETERMINATION OF DEEP-SEATED CRUSTAL STRUCTURE 
OF CONTINENTAL BORDERS: OBSERVATIONS AND METHODS 


BY C. H. SWICK 


Gravity data near the Atlantic and Gulf coasts have been considerably increased 
during the past 3 or 4 years by special projects carried out by the Coast and 
Geodetic Survey at the request of geologists and geophysicists who have been 
making structural studies of continental borders. With the aid and advice of those 
interested, the stations have been carefully selected with relation to known struc- 
tural features. At the same time they have been so placed as to supplement as 
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much as possible other geophysical investigations of the same areas. All deter- 
minations have been made with the modern Brown pendulum apparatus, and most 
of them have been made with two sets of instruments to insure the integrity of the 
results withi> the desirable limits of one or two milligals. All the results have been 
reduced by the Hayford-Bowie isostatic method. 

Many of the stations are along lines at right angles to structural trends or to the 
coast, and the gravity profiles thus obtained are, therefore, of maximum usefulness 
in geophysical interpretations. Several stations have been placed in the vicinity 
of deep wells, especially in the work done last winter in northern Florida and in 
southern Alabama and Georgia. It is anticipated that a study of the gravity 
anomalies, with relation to the structure as revealed by the logs of the wells, will 
permit a more accurate interpretation of the gravity results at other points in the 
same general region. 


GEOLOGY OF THE SOUTH CAROLINA COASTAL PLAIN IN THE VICINITY OF THE 
SANTEE-COOPER PROJECT 


BY STEPHEN TABER 


Recent drilling in connection with the Santee-Cooper Hydro-Electric Power and 
Navigation Project sheds new light on the history of the South Carolina Coastal 
Plain. 

The area is underlain by sedimentary rocks of Eocene age, consisting of soft sand- 
stone, shale, limestone and marl. These beds were uplifted and subjected to erosion, 
which resulted in the formation of valleys, and the development of solution topog- 
raphy on the limestone. During Pleistocene time the region was submerged below 
sea level and covered with a blanket of clay and sand, having a maximum thickness 
of fifty feet. When the land was again exposed, the major valleys were largely re- 
excavated, but their present channels are usually located some distance from their 
old ones, and they have not been cut quite so deep. Some of the smaller valleys 
have not been re-excavated and have no surface expression. Shallow depressions 
are found on the surface above sink holes in areas where the Pleistocene overburden 
is unusually permeable, or where it has been largely removed by erosion. 


PLUTONIC ROCKS OF NORTHWESTERN FAUQUIER COUNTY, VIRGINIA 


BY LINCOLN R. THIESMEYER 


Four major pre-Cambrian granitic bodies, representing extensive batholiths of the 
western Piedmont in Virginia, have been delineated. In order of intrusion these are: 
Lovingston gneiss, Hypersthene granodiorite, Crest Hill granite (named in this 
study), and Marshall granite (as re-defined in this paper). Marked age differences 
of these rocks within pre-Cambrian time seem indicated and prevent assignment 
to a co-magmatic series. Yet a similar rich content of the same peculiar blue quartz 
and primary accessory minerals implies a relationship. Whether this condition 
resulted from unique differentiation in the zone of magmatic origin or from con- 
tamination during the upward rise of their respective magmas, it suggests modifica- 
tion of the prevailing concept of the Piedmont-Blue Ridge Petrographic Province. 

Most of the prominent regional structures of these granites are not attributable 
to Paleozoic deformation, as had been supposed, but to several episodes of pre- 
Cambrian orogeny and dynamic metamorphism. This is true of pronounced augen 
structures in the Lovingston gneiss, primary foliation in the Hypersthene granodiorite 
and a secondary schistosity which transects it, and primary foliation in the Marshall 
granite. During Paleozoic deformation these basement rocks yielded in part by 
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developing flow cleavage along countless erratically distributed shear-planes dis- 
cordant with the earlier structures. It seems advisable, therefore, that future use 
of the term “Appalachian,” as applied to orogeny, deformation, and structure in this 
area, be restricted to distinguish Paleozoic effects from those of earlier date. 


FEATURES INDICATIVE OF SEASONAL BANDING IN SILICIFIED ARGILLITES 
AT CHAPEL HILL, NORTH CAROLINA 


BY LINCOLN R. THIESMEYER AND ROBERT R. STORM 


Despite considerable masking of their primary features by silicification, the 
banded rocks of the Purefoy series at Chapel Hill, North Carolina, originated in 
fresh-water lakes and still reflect seasonal influences during their deposition. The 
regularity of the banding, a marked diadactic structure within the components, 
and the presence of delicate intra-component laminae are indicative of original 
accumulation subject to regular, periodic cessation of supply and freedom of agita- 
tion, such as would occur through winter freezing. A stratigraphic position similar 
to that of varved slates in the so-called Lower Cambrian of Virginia and of sus- 
pected varve horizons in the Hiwassee slates of Tennessee implies that these Purefoy 
sediments may be approximately contemporaneous with either or both of those 
deposits. It is suggested that such sediments were formed from the meltwaters of 
valley glaciers near the margins of Appalachia during the general refrigeration 
which accompanied continental glaciation of the southern hemisphere in latest 
pre-Cambrian or early Cambrian time. 


OPPORTUNITIES AND NEEDS FOR COLLABORATIVE RESEARCH IN THE 
FURTHER STUDY OF CONTINENTAL BORDERS 


BY W. T. THOM, JR. 


To all workers in earth science our coastal areas are of especial interest, for such 
border regions not only present unusual opportunities for checking new geophysical 
methods and appliances against known geologic conditions but also provide the 
necessary points of departure for geophysical surveys aimed at the disclosure of the 
geological structure of suboceanic areas and at the solving of some of geology’s 
most vital and most baffling problems. 

In future exploration of coastal regions (and of oceanic basins) structural geology 
must be used in planning the studies to be undertaken and in the final interpretation 
of results obtained—with geodesy, astronomy, and geophysics required for the execu- 
tion of these studies. 

In the Gulf Coast sector the work of the oil companies and of the petroleum 
geophysicists has revealed a developing major trough, or geosyncline, approximately 
parallel to the South Louisiana Coast and containing perhaps 30,000 feet or more 
of relatively recent sediments. Further compilation of general and nonconfidential 
geophysical data (which almost surely can be had through the cooperation of the 
Society of Exploration Geophysicists) will undoubtedly amplify and clarify this 
picture in many important particulars. 

In the Atlantic Coast region, among the immediately important problems are 
the determination of the former eastward extent, degree of subsidence, and time 
of subsidence, of the ancient continent of Appalachia, whose western margin emerges 
along the Fall Line, and whose eastern margin lies at an unknown (and at least 
considerable) distance off-shore. In the Pacific Coast region the seaward tracing 
of active faults, of submerged topography, and of continental structural features 
similarly provide highly interesting and important problems. In this region, as in 
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the Atlantic and Gulf coasts, the work to be undertaken is so extensive and so varied 
that its planning and execution call for the broadest possible collaboration between 
scientific organizations, research institutions, and governmental and commercial 
agencies, if the United States is to do its fair share in developing the new fields 
of geophysical-geological research presented by our continental borders and by 
the world’s ocean basins. 


ORIGIN OF PHOSPHATES OF SOUTH CAROLINA 


BY J. HENRY WATKINS 


The purpose of this report is to offer an explanation for the origin of the phos- 
phates of South Carolina and to show, from field observations and laboratory ex- 
periments, that the phosphates have been formed by the leaching of the mineral 
apatite by carbonic acid during the weathering of the crystalline rocks of the 
Piedmont of South Carolina. The tricalcium phosphate of the apatite was con- 
verted into superphosphate by the carbonic acid, carried by the streams, and dis- 
charged into the Charleston Basin. The superphosphate solution, on standing in 
the basin, descended through the unconsolidated, noncaleareous, overlying material 
to the marl formation, where the excess calcium carbonate of the marl neutralized 
the superphosphate solution with the deposition of nodular tricalcium phosphate. 
Analyses of the river waters and laboratory experiments confirm this theory. 


INTERPRETATION OF APPALACHIAN GEOMORPHIC HISTORY 


BY HERBERT P. WOODWARD 


There is a strong rectilinear drainage pattern with southeastward-flowing master 
streams in the present Appalachian region. There is also a marked unconformity 
between parts of this pattern and the bed rock as well as an equally strong con- 
cordance of other portions of the pattern and subsurface structures. Presumably in 
the agreement of drainage and bedrock patterns, the latter have been cause and 
the former effect. For the mainstreams which are not accordant with subsurface 
structures two alternate explanations are possible. Either the main drainage pat- 
tern is a relic of pre-folding days or it was initiated sometime after the deformation. 
If the latter alternative is chosen, as is common among geomorphologists, it is 
necessary to introduce some mechanical device—a peneplane or an extended coastal 
plain—into the reconstructed geologic history. Yet, to explain the mechanism thus 
invoked presents very nearly as many, if not more, complications than the original 
problem, for it is scarcely less difficult to explain the arrangement of the mainstreams 
without the aid of the hypothetical mechanism than it is to explain the cause 
of the latter. 

For this reason, the hypothesis is presented for discussion that the major Ap- 
palachian drainage pattern can be interpreted without recourse to any of the 
more commonly used conventions, namely, by assuming that the mainstreams may 
be traced back to the pre-deformational period and by suggesting that the orogenic 
disturbance which produced complications in the rock structure may also have been 
partly responsible for the arrangement of the major rivers. It is specifically sug- 
gested that a migrating locus of deformation during the Appalachian Revolution 
involved a westward-moving divide which stretched out the eastern coastal drain- 
age of late Paleozoic Appalachia into the parallel eastward-flowing mainstreams of 
the present Appalachians. 
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GRAVITATIONAL DETERMINATION OF DEEP-SEATED CRUSTAL STRUCTURE OF 
CONTINENTAL BORDERS: 


STRUCTURAL INTERPRETATION OF GRAVITY OBSERVATIONS 
BY GEORGE P. WOOLLARD 


Highly significant information regarding the deep-seated structure of the crustal 
rocks underlying the Atlantic Coastal Plain has recently been provided by pendulum 
gravity observations. 

A series of gravity profiles, mainly normal to the coast, have been established 
in the past 2 years by the Coast and Geodetic Survey. Three of these have followed 
the lines of seismic traverses, thus permitting direct comparison of results yielded 
by these different exploratory methods. 

The observations of gravity have revealed broadly systematic variations in 
gravitational force in the Coastal Plain region. These are to a minor degree ex- 
pressive of variations in the thickness of the sedimentary column but primarily 
result from structural zoning of rocks of unlike specific gravity within the basement 
crystallines. The parallelism of the gravity anomaly “belts” thus revealed to the 
trend of the Appalachian mountain system is sufficient to prove that the crustal 
structures are products of the same mountain-building forces which produced the 
Appalachians. 

Three major structural zones paralleling the Appalachians have been revealed by 
iso-anomaly maps: first, a marked gravitational trough or zone of deficient gravity, 
more or less co-linear with the Blue Ridge Mountains and the zone of thrust-faults 
which follows its trend and continues through the upper Hudson River valley; 
second, a gravity ridge with several superimposed domes shown to extend from 
western Massachusetts, through New York City, Philadelphia, and Washington into 
the central Piedmont of the South Atlantic States; and third, another gravity 
trough, recognized by Longwell, in the Narragansett basin of New England which 
apparently continues beneath the ocean, reappearing in the large negative anomaly 
area of Cape Hatteras, North Carolina. 

Sufficient work has been done to prove that, with further gravity control, far more 
can be learned about ihe nature of these major crustal features and about the many 
minor ones whose presence is suggested by individual or groups of anomalies. 
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ELLIPTICAL BAYS IN HORRY COUNTY, SOUTH CAROLINA 


The shape and orientation of the elliptical lake basins (bays) are attributed to the 
tendency of circulating currents in a liquid to assume the shape of an ellipse whose 
major axis trends N. 45° W. in the Northern Hemisphere and N. 45° E. in the 
Southern Hemisphere. A mathematical proof of this tendency is offered. The currents 
were induced by strong winds, probably during a late glacial epoch. 


GEOLOGY OF LITTLE NORTH MOUNTAIN IN NORTHERN VIRGINIA 


Little North Mountain, extending from Washington County, Maryland, southwest- 
ward to southern Rockbridge County, Virginia, has a total length of 160 miles. The 
part discussed in this paper lies in Frederick and northern Shenandoah counties, Vir- 
ginia. The continuity of this mountain, marking the western boundary of the Great 
Valley in northern Virginia, is interrupted by frequent water gaps. The crests of the 
interstream remnants average about 300 feet above the adjacent valley floors. 

Ten formations, ranging from lower Ordovician to lower Devonian inclusive, rep- 
resent the complete stratigraphic section in the mountain. Several formations, 
especially in the Silurian system, thicken, thin, and even disappear from place to 
place along the mountain. Faults were assumed by previous investigators to explain 
these relations, but they were not found at these localities during the recent detailed 
field work. Hence, this variability and discontinuity are interpreted as interruptions 
in sedimentation, or stratigraphic unconformities, probably accompanied by local 


SOIL CONSERVATION IN VIRGINIA AND THE CAROLINAS 


Rainwater striking unprotected or bare ground on sloping topography tends to 
become a medium for destruction of those soil layers, and a smaller proportion of the 
water enters the ground. 

Conservation surveys of demonstration project areas in Virginia and the Carolinas 
reveal that about 25 percent of the gross acreage of each area has little or no erosion; 
50 to 60 percent has lost one-quarter to three-quarters of the topsoil; and 10 to 25 
percent has lost about all the topsoil and some of the subsoil. 

Several soil conservation projects were established in each State to deme~ strate 
practicable methods of tillage, crop production, and construction to reduce the 
volume and to retard the velocity and cutting power of run-off on sloping land. 
Farmer-organized soil conservation districts are being developed in States to provide 
facilities of soil conservation planning to a greater number of farmers. Conservation 
plans for the individual farms are based on surveys showing the kind of soil, the 
extent, character, and severity of erosion, the gradient of the land, and the present 
land use or cover on each field. An analysis of these factors determines the changes 
necessary to minimize the effects of run-off from the cultivated land and at the same 
time enable the landowner to maintain an economic return equal to or better than 
Technicians assist landowners in effecting necessary changes. This 
assistance is having a far-reaching effect on the formulation of agricultural policies 
and practices looking toward soil conservation and improved soil fertility for the 
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present generation, as well as toward the preservation of agricultural land for 
posterity. 


PLEISTOCENE SHORELINE FEATURES IN SOUTHEASTERN VIRGINIA* 
BY WATSON H. MONROE 


Seven marine terraces were formed on the Atlantic Coastal Plain during Pleistocene 
time. In Virginia south of the James River and east of the Atlantic Coast Line Rail- 
road between Petersburg and Emporia many coastal features such as barrier beaches, 
spits, bars, lagoons, and estuaries are preserved. The soil underlying the barrier 
beaches, bars, and spits consists largely of fine sand; that underlying the lagoons 
is fine silt and clay. The present drainage lines appear to have developed in the 
ancient lagoonal areas between the mainland and the barrier beaches, probably 
because the impervious soil of the lagoon is more subject to erosion than the much 
more permeable sand of the beaches. 


HAMPTON ROADS AND ITS ECONOMIC SIGNIFICANCE 
BY CLARENCE W. NEWMAN 


The location of the harbor of Hampton Roads with reference to the Middle Appa- 
lachian Coal Field and the Middle West is the major natural relationship contributing 
to Virginia’s unique position in the transportational structure of the United States, 
which, in turn, may be regarded as possibly the outstanding basic factor in the present 
and future industrial development of Virginia. 


SOIL TYPES AND THEIR SIGNIFICANCE IN AGRICULTURE ECONOMY 
BY S. S. OBENSHAIN 


Soils are considered to be the result of the action of certain environmental factors 
on the geologic or parent material from which the soil is formed. The most important 
environmental factors responsible for soil formation are temperature, rainfall, topog- 
raphy, drainage or lack of drainage, natural vegetation, and soil organisms. The 
extent to which the environmental factors have impressed themselves on the 
properties of the soil is dependent upon the relative development or age of the soil. 
Thus, a mature soil, or one in equilibrium with its environment, will have properties 
impressed upon it dominantly by environmental factors, while a young soil, or one 
still rapidly adjusting itself to environmental factors, has properties dominantly im- 
pressed upon it by parent geologic material. Mature soils are formed only on gently 
sloping topography where environmental factors are permitted the maximum effect. 

In Virginia, due to steepness of topography in certain areas, to restricted drainage 
under other conditions, and in many cases to resistance of geologic material to weather- 
ing forces, the soils are still closely related to geologic material. Environmental fac- 
tors affecting the development of mature soils place Virginia under the Gray Brown 
Podsolie soil region which is common to States north of Virginia and the Red and 
Yellow Podsolic soil region which is common to States south of it. Parent material 
which exerts dominant influence on young soils divides Virginia into the following 
physiographic divisions which are common to many States north, south, and west of 
Virginia: Coastal Plain, Piedmont Plateau, Blue Ridge Mountains, Limestone Valley 
and Upland, and Appalachian Plateau. Each of these large physiographic groups has 
wide adaptations to certain types of agricultural economy based on specific adapta- 
tions of different soil units within the area to specific uses and types of management. 


* Published by permission of the Director, U. S. Geological Survey. 
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